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ABSTBACT f 0 . 

- ' This course in instrumentation and controls is ope 6f 

16 coursts in the Energy Technology Series developed for an Energy 
Conservation-and-Use Tecfypology curriculum. 'Intended for use in 
twcr-yerar postsecondary -te/chnical institutions to prepare technicians 
for employment; the courses are also use'ful in industry for updating , 
eaployees^in company -sponsored trailing programs, conprised of eight 

•modules, the course is designed to iprovide the, student tilth practical 
Jcnowletfge and skills in the specification, use, and calibration of 
measuring devices and' the* principles and applications of automatic 

♦control profcess*. A detailed' examination is made of control systems - 
for electrical power production,' heating, air conditioning, and 
manufacturing. Written by a technical expert and approved by industry 
representatives r each module contains the following elements: 
introduction, prerequisites, objectives, subject matter, exercises, 
laboratory materials, laboratory procedures (experiment section for 
hands-cti portion) , data tables (included in most basic courses to 
help students learn to collect or organize data) , References, and 

srgloss^ry. Module titles are Principles of Process Control, 
instruments for Fluid Measui;epent s—Pressfure and Level, Fluid Flow 
Measurement, Instruments for Mechanical Measurement, Pneumatic f 
Controls, Automatic Control Systems-, and Boiler and CjLherjSpeciil 
Control Systems. (ILB) , 
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* PREFACE 
ABOUT ENERGY TECHNOLOGY MODULES 



The module's were^developed by TERC-SW for use in two-year postsecondary technical 

institutions t?o pr.epare technicians for employment and are useful in industry for up- i 

dating employees jn company -Sponsored training programs. The principles, techniques, 

and skills taught in the modules, based. on tasks that energy technicians perform, were 

'obtained^ fro^ "nationwide advisory committee' of employers of energy technicians. Each 

* ■ 'fi * ■ ** « • 

module" was written by a technical expert and approved by representatives from industry. \ 

A module contains the following -elements: if* ^ 

Introduction , which identifies the topic and often includes a rationale for 
studying the material. 

Prerequisites , which identify the material a student should be familiar 
with before studying 'the module. 

Objectives , whictl clearly identify what the student is" expected to know for sat- 
* isfactory module completion. The objectives stated in terms of action-oriented 
behaviors „ include such action.words as operate, measure, calculate, identify 
ana 1 define, rather than words with many interpretations, such as know, under- 
stand, learn and appreciate. s k 

Subject Matter , which presents the background theory and techniques supportive 

to the objectives of the module. Subject matters written with the -technical 

student in mind. * » 

Exercises , which provide practical problems to which the student can apply th'is 

new knowledge. 

Laboratory Materials , which identify the equipment required to complete the 
laborawy procedure. 

Laboratory Procedures , which is the experiment section, or "hands-on" portion of 
the module (including step-by-step instruction) designed to reinforce student 

learning. 1 

i \ 

Data Tables , which are included in most modules for -the first year (or basic) 
courses to help the student learn how to collect and organize data. 

References , which are included as suggestions^for, supplementary reading/ ^ 
viewing for the student. \ 

Glossary , which defines and explains 'terms or words used within the module 
that are uncommon, technical , "or anticipated as being unfamiliar to the stu- 
dent. 
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Automatic control was once envisioned primarily as a means of inducing 
production cost by increasing production rates with fewer people. The con- 
tinuous unattended control of large^mafHifacturing facilities is common, and 
has become a design criterion in the development of new installations. With 
production cost continually being curtailed by the utilization of instrument 
applications, the necessity to protect a fragile environment from' polluting 
substances has resulted**™ the development of measurement and control in- 
strumentation systems that s^emed impossible to implement previously. Pres- 
ently, a new criterion is constantly being considered , in .every facet of life 
in our industrial society. That criterion is energy conservation. Th^ con- 
cept of energy conservation and management is paramount;in every phase in 
the development and operation of processes. Instrumentation measurement and 
control has played - and is playing - an important role in the field of 
energy conservation., 

The purpose of this module "is to present and discuss the principles of 
measurement and control. The means by which a process is automatically 
Nnonitored and controlled will be discussed, as -well as the dynamic process 
conditions that affect process controllability. 



The student should have a basic understanding of algebra and physics. 



'PREREQUISITES 



OBJECTIVES 



Upon completion of this module, the student should\be able to': 



1. Define the- following terms: 

a. Process. i 

b. Process control." • 
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c. Open-loop control. , 

d. Closed-loop control . i ' 

* * * 

•e. Feedback. - ^ 

f. ' Error signal. ' « *> v 

g. .Closed-loop ctintrdl component^: ; < 
Measuring means.^ . 
Controlling rteans. , , , 
Final contra! element. . ; 

List the* advantagesr'and limitations^bf/the following: * 1 
a. Open-loop control. * \ *, ^ * 
b. Closed-loop control. 

3-. State the process requirements for closed-loop control. o 

4. List four types of processes* and give their dynamic characteristics. 



2. 
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SUBJECT MATTER 



INSTRUMENTATION AND CQNTROL: THE CONCEPT 

• '/ . ' "... 

Goods and services are produced in "response to needs and desires. When 

a need or desire has been recognized, the resulting item or service can be 
produced only if three factors are present. There .must be an idea or con- 
cept of what the final product will be and how it will solve the need or de- 
sire* that, generated if. The raw materials, energy, and knowledge that will 
compose the final product must be available. And, there must be a method 
that will combine the knowledge, enes^gy, and raw materials into the final 
products This method is called a process, 

A process may be as simple a filling a tank with water, or it may be as 
complicated as the production of a synthetic; fiber or the launching of a 
space shuttle. Whatever the process, there must be a means of measuring the 
.degree of success or fai lure, toward the production o o f the final produc't. 
Further, it 'is not sufficient to'measure the degree of success or failure, 
thera must be a way for corrective action to be taken to ensure the best 
-possible final product.' By linking measurement with corrective action, con- 
trol systems are created. # ^ 

Thelbasic concepts of measurement -and control are utilized in a simple 
process as illustrated in the following example. 

A small community has has grteat difficulty in maintain- 
ing a constant pressure in their water 'system and has decided 
* to correct this problem. The first step in the solution to 
their pnjblem is to- erect- a water tank on a hill at the edge 
of town. The water tank is construcdd with an inlet from 
- the local water supply and an' outlet directly into the pri- ^ 
mary water mafn. It is known that if the level of the water 
in the^tank* is maintained at- a constant depth the pressure at 
the outlet'Will remain steady. 
The process is to maintain the level .in-. the water tank at a specific place; 
this is called the set point or control point. There are many types of 
variables that will affect, the water level of the tank; each of these vari- 
ables c^n be given a special title tffat will be used fromitfris 4)bint on. 
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• Process variable - the variable .that is compared against the set point 

CD * * , * * 

directly.. In the example of the water tank, the process variable is 

I the actual water level *that will be compared directly with- the desired 

/ v water level", or set point, . n _ 

] - * 
N • Manipulated variable - the variable that can be changed at will in "such 

a v/ay as to directly affect the process variable. In the example of 

the water tank, the manipulated vari.able # is the Irtfet water flow fafcs^ 

that c#n be changed by opening or closing a vaVve. c ' 

• Disturbance variable - any variable that- adversely affects the process 
variable and cannot be controlled. *In the case of 'the water tank, the 
disturbance variable is the rate at which water is drawn from the tank. 

In the example- of the water tank, measurement enters the picture when 
we compare the process variable (actual water level) to the set point (de- 
sired water: level). The process will be"' control led when the information 
provided by the measurements is used -to stabilize the process variable at, 
the set point; this can be achieved in two ways - open-loop* control or • 
closed-loop control. , 

OPEN-LQOP CONTROL ' ■ - ' 

Of the two systems of control, the open-loop -control system has the 
fewest number of components and requires tlfe most 1 human involvement. Figure 
1 illustrates the water tank using an open r loop' control system. .Just how 
this type of contrcd^sy stem* works can be seen by returning to, the examplfe. 
7 After the water tank -was erected the town council became,, -> 

involved in a dispute a over how to stabilize Vie water level^ . 
at the set pbint.'Most Teft that the inlet water flow could 
be adjusted to the average consumption rate of the previous 
year, with periodic checks- by a ma interWrtce "person. By this 
time it was late autumn and the amount of water being drawn 
; by. the residents was at a very low level; thus, there^was ^ - ' 
N more water being supplied to the tank than was being drawn 
from* it, and it began to overflow. The maintenance person 
closed the .inlet valve and the level began toMrop. The next 

». - • . 
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day, another maintenance person returned to check th6 tank 
ajtd.^und ttfat the level was at the desired % point so the in- 
„ let valve'was not Opened atiall. On the third day', the main- 
tenance person found that the actual water level 'was well be- 
. low the desired level and opened the inlet valve to, let some 
; wat§f* in. This process continued 'on for a month, .during 
whith time the tank overflowed twice/and went dompletely dry . 
once. In addition to those three occasions, water pressure' w 

> 

( 

The example pf the 
water 'tank points out the. 
basi c 'operation , and the 
basic faults of the open- 
Ipop control system'. Mea- 
•surements are made on "a 
per^ioSic basis andcorrec- 
tive .action is- initiated 
on the b-asis of those mea- 
surements, independent of 
what is happening with trie 
process at that time. The 
manipulated "variable (in- 
1*et water flow r^te)^ was , 
adjusted without re v gar.d to 
wh£t the process variable 
(actual water" level) was doing with Tespect to the set point xf (desired water 
level). When there' js a situation where the need-fqr the final product - 
called the demand - fluctuates frequently, the bpen-.loop /control system 
usually is found to be inadequate! The objective of any control^system is 
to -maintain a controlled 'variable (process* variable) at a'desired va*fte or 
condition (set point). 'In Figure 1, the. process variable '(actua.l* water 
level) was maintained at ?he set point by opening or clTTsTng the input valve 
to manipulate the rate of jnlet water flow. If the rate of water flowing 
' * * 
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into the tank is equal to the water flowing out of the tank, the level will • 
be stable. This' is galled maintaining a balance between the supply and the 
demand. Supply i% flow in, and demand (or lo^d) is flow out. Thus 'the ob- 
jective of any control system is to make supply equal to demand. As demon-' 
Strated in. the above example, this is not a simple matter because the demand 
was not constant and^the maintenance people were never successful at reposi- 
tioning the control valve on the inlet for every change that occurred with . 
the load. « 

While the open-loop control system is simple, the lack of compensation 
based upon load changes makes rts use in most industrial' applications Unde- 
sirable, Operation of the system could be greatly enhanced if the supply /tdt 
the process were dependent upon the process variable.- When this iV^achieved 
a closed-loop control system results. 

CLOSED-LOOP CONTROL . 

A closed-loop -control -system i^ responsive to changes in process vari- 
ations. This type -of system is most common- in the automatic control of pro- 
cesses. Response to changes in the process variations is achieved through 
the use of what is known as feedback. Feedback is information based upon 
measurement between the process variable and the' set point, that causes a 
change in the manipulated variable to take place in such a way that supply 
is balanced agajnst demand.- Figure 2 demonstrates the components of a » 
closed-loop .system in block diagram form. 
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Figure 2, Components Of a closeci-loop system. 

The closed-loop system depicted in* Figure 2 performs the folTowing four 
1)|sic operations, . 

1> Measures the process variable. The instrument that performs this func- 
tion is commonly called a trafismi tter, measuring means, or the primary 
element. w V 

2, Computes the error signal (difference between set point and process 
variable), which is the' function of the error detector, 

3, Uses the error signal to generate a control signal to operate the final 
control element, * „ 

4, Regulates the manipulated variable via the final control element to 

f 

drive the value of the process variable toward the set-point value. 

To further explain the operation of a closed-loof) control system, we 
can return tp our example of the water tank and Figure '3.^ 

The town council meets at the c'lose of the month. ^ 
Through examination of the records concerning water pressure' 
versus time and the large nuifiber of complaints, it is obvious 
tHat^he open-loop control is a failure. After some discus- 
sion, it is decided that the town will install a cTpsed-loop 
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control system, A simple float-controlled valve is installed 
in the tank at* the iplet. 

Figure 3 is a simplified drawing of the closed-loop dontrol system 
employed by the town council of the example. The float acts as the measur-' 

. ' ing means, The lever at- 

tached to the floaVShd a 
pivot on the inlet pipe • 
acts to trq|$mit the "con- 
^ trol signal" to the final 0 
control element. Our 
final 'control element is a 
spring-loaded valve that 
^i^-rformaTly open. The 
controller, containing the 
error detector and control 
signal generator, is the 
float-and-lever assembly. 
To understand the opera- 
' tion of this^nd m&st 
closed-loop systems* let us inspect operation- of this system^C5p^-by-step, 
We wilT. assume -thaffc the system starts out with the process variable stable 
at the set point. At this beginning point there is a no-load condition; no 
water is fllWing out of >the tank, * 

1, person or A group of people open their water faucets and create a de^ 
mand for Water from the tank; a disturbance variable is introduce^ to 

* the'system (Figure 4a); ^ 

2, The process variable (actual water level) begins to' change (drop) car- 
rying* the float witfi It and causing the lever that has kept the valve' 
(fin$l control element), cldsed to move and begin to open the-val^ve- 

^ (Figure 4b), r 
3^ Demand increases, causing the valve on the inlet to open more,* thus in- 
creasing the inlet water flow (manipulated variable). 



Figure 3, Example closed-loop' control system. 
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4. 'When inlet water flow increases to the point at whidfi tRe supply equals 
the demand, the' process variable (actual water' level) stabilizes below 
the set point. , * . . 

Demand decreases^ allowing the process variable to change toward the 
set pointT The float will rise with the level and act to slow down the 
<rate of flow into the tank by decreasing the. amount of opening in the 
valve,, (Figure 4c) . f 





Figure 4. Control-loop operation. 

ice that the manipulated variable acts- in a way opposite to the 
direct>q a of the process variable. When the process variable is going down 
the manipulated variable goes up,- i.e., water level drops and inlet flow 
rate^rncreases. 

Thus, prqcess-controV systems can -be simply defjrjed as "a group of com- 
ponents that maintain a desired result by. regulating inputs The desired 
result*may be a specific level, temperature 1 ; flow, pressure, voltage, pH, 
density, viscosity, or one of many other possible parameters. The process- 
control system can* regulate or control the input in the process by a number 
£f means! The most common final control elements are valves, dampers, link- 
ages, and variable electrical components^ such as rgsistors, capacitors, an 
chokes. When measurement is continuous and is linked to control of the 
final control^elemertt 4 , we have, closed-loop' control -<alsoJc|Qwn as automat 
control or automatic feedback co'ntrol. ♦ 
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Many system oper*ainng characteristics must be considered in the design 
or operation of a con,tro1^ystem. Components within the system must be 
matched with the dynamic characteristics of the process. This procedure 
must, at all times, ensure the^safe and efficient operation of the process. 
When a control system operates in a manner that is unsafe to people and/or 
equipment, or when it is operated inefficiently , c then we say that the system 
has failed. ' ■ • • ^ 

A properly des-igned co/ftrol system, open-loop or closed-loop, must make 
the process fail-safe. In the circumstances resulting from a loss of in- 
strument operation or instrument control signals, fail-safe meags that the 
process wil 1 be' maintained at - or returned to - a safe condition. 

OPERATION OF THE FINAL CONTROL ELEMENT JWD FAIL-SAFE CONDITIONS 

In the design of all process control -systems there must be concern for 
fail-safe-operation fnpm the beginning. ,In the example, if you were to de- 
sign the process control for the water, tank would you decide to cause the 
level to fail high or fail low? If a hazardous -condition exists when »the 
level Is « too highlit should fail lo,w. -If a hazardous conditiorParisfes when 
the level is too low, the level should fail high. 

One example of the operation of the final control element component 
found in manjL closed-loop systems is worth examination. The final corltrol 
element in this example is a- diaphragm-operated, spring-opposed, reciprocal 
ing control valve. A sealed pneumatic signal, 3 £o 15 pounds per square 
inch gage (psijj), causes the valve to move from pne. extreme pojition to the 
other, . „ - ' 

In the air-tb-open Value, the valve is closed With any air press.ure 
that is less than or egual to 3 psig. As pressure increases- the val ve ope^n- 
ing will increase to its maximum, at the upper pressure limit of 15 psig. 

When the valvje is ^controlling the flow of material or energy into a 
syp^em that should fajl low, the valve should fail in- the closed position 
and.be an air-to-open valvef ^ou should use an air-to-close valve if the 
systeiM!ust^^i r 3 open, thereby causing the 1 system to fail high. 
* • * The fail-sate feetture of processes may s.eem to be ^f little importance 
•when it (Joas not matter whether thfr-process fails high or low. This-is of 
*marjor concern, however,- in most temperature and pressure processes whene'a. 
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thermal run-away 6r over-pressure situation could prodtice catastrophic 
results. ; 
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CONTROLLER ACTION 



Process controllers either generate an increase -in output signal when 
the process variable Increases, or calse the output signal to decrease when 
the process variable increases. By a\jmple adjustment or switch selection, 
most process controllers can provide either output selection. When an in- 
crease in process measurement causes an increase 1n the controller output, 
the* controller is direct-acting. 

*A reverse-acting-controller causes the output to decrease when the pro- 
cess variable increases. The v^lfle operation is selected for a feedback 
control system to provide fail-safe operation. The controller action is 
selected to provide negative feedback; the manipulated variable acts to 
oppose the action of the process variable. 

VflLVE AND CONTROLLER SELECTION 

SijQflose. a need existed for a valve and controller action to control a , 
process in which it was vjtal for a tank to fail. empty. We can use Figure 5 
to depict the closed-loocr control system for this situation where we must 
have^the level fail low/* For the level to fail low, the valve must be " 
closed |ecause of a m$s of- signal; *thfs requires an air-to-open valve. 
When t,hejfeyel increases, the valve must close. This requires a- decrease in 
signal fronNUj^^t^oller- for a decrease in controller output to yield an 
increase in the process, variable, the controller must-be a reverse-acting 
controller. If, howeyer', che controller action^ desired is, for the tank 
level to fail full, the valve must fail open and \e air-to-close. An in- ' v 
crease ih level requiring the valve to close requires a direct-acting con- p 
troller. The Selected vajve operation and control ler\ction are important , 
and must be ^considered when designing equipment for contrfrl^ systems. 
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Figure 5. Closed-loop control system. 

j . • ■ 

In selecting -process equipment, consider the process in Figure 6. This 
is another level process that differs from that, in Figure 5. In Figure 6, 
the control valve regujates the flow out of the tank to maintain a level. 
By using the reasoning established in the previous di scussion, -valve 
operation and controller action can be selected. 
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gure 6. Level process with flow out -^-the-manipu-lated-var-iable^- 
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F^fefae. level to fail low, the valve must be air-to-close and the con- 
troller must be reverse-acting. 'When the level is to fail high, the valve^ 
must fail closed (or air-tfl-open) and the controller must be direct-acting. 
The selection of valve operation and controller action is summarized in 
Table 1 for the processes in Figures 5 and 6. 



TABLE 1. VALVE OPERATION AND CONTROLLER ACTION 
(for tl^e processes in Figures- 5 and 6). 





Process in Figure 5 




Process in Figure 6 


Fail Empty 


/ail Full 


Fail Empty 


Fail Full 


Valve Operation 


• Ai r-to-open 


Ai r-to-close 


Air-to-close 


Air-to-open 


Controller Action 


Reverse 


Direct 


Reverse 


Direct 



INPUT 



OUTPUT 



EPROCESS % 



PROCESS DYNAMICS - CAPACITY VERSUS CAPACITANCE 

Now that the principle of automatic feedback ^control has been estab- 
lished,' it is import ant ^to^con^i^er^ the process and inspect the relationship 
between process input and output. The process can be represented as a black 
box in a b^ock diagram (as in Figure 7). The process performs a transfer 
function between input and output. A transfer function is the "mathematical 

relationship between the input. and 
the output df a control system. 
The input is a supply of energy 
and/or material from the control , 
valve positioned by the control- 
ler. The output, in this emana- 
tion, is considered to be the pro- 
cess measurement on the scaler 
Figure 7. Block diagram of a process. output signal from the measuring 
* _ - means. 
When the input to a process changes^ the controller must add energy t 
and/or material to the process at a rate to which the process 'Can respond. 
In the Example of the water tank, if the valve controlling the input water 
flow is opened too much or for too long a time, the l§vel will overshoot the 

7 • ■ I 
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''set point. \K the valve is ^pened too little or not long enough, the leve-1 
will not reaclKthe set point/ The manner in which *the* process responds to a 
load change and supply change determines the rate at which energy and/or 
material must be ad^fl^ to t{ie process. 

Consic^r the control of a simple process like the speed control of an 
automobile. On a straight> x level section of highway, when the accelerator 
is held in one position, the speed of the automobile will be maintained; 
The flow of gasoline into the carburetor (energy being added to the process) 
is at a coristant rate exactly equal to that required to maintain speed. The 
automobile is neither accelerating nor decelerating. However, when the load 
on the process is increased ,by an incline 'in the highway, the autfimobile 
wi 11 slow down. • ^ 4 

To maintain a constant speed, fuel flowing to the carburetor must /in- 
crease at a rate to which the automobile can respond. This rate depends 
upon the transfer function of the process. A big truck with a heavy load 
responds to a large amount of energy provided by a large engine that has the 
•ability to regulate large amounts of fuel flow. The same fuel flow would 
cause a high ^acceleration* rate for a compact automobile. Likewise, indus- 
trial processes react differently to various load and supply changes. \ 

For processes with different transfer functions or rea'ction rates, con- 
sider\he level processes in Figure 8. 

In Figure 8, both level tanks have the same capacity or can retain the 
same amount of material in .gallons (or any desired unit of measurement). 
For the purpose of level measurement, which is usually in Linear units.- 
feet, inches, and so forth - the dynamic characteristics of the processes - 
Figure 8a and Figure 8b are completely different. The term "capacitance" is 
used to describe the dynamic properties of the process. While^apacity is a 
measurement of volume, capacitance i£ a measure of length and vo-lurtie. The 
unit of capacitance measurement in this irrstance. is: 



Foot 
Gallon 



Pa$e 14/IC-01 * 
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This untt relates level (length) to* volume. . It can fe seen that the process 
in Figure 8a has greater.- capacitance thari that of Figure 8b. 




LEVEL- CONTROL . VALVE 

* 

LEVEL 'CbNfROL 




LEVEL 
TRANSMITTER 



FLOW OUT 



FLOW OUT 



a. With hlqh capacitance .** b. With low capadtanct 

Figure 8. Level processes. 

^ The process response to a load change is important when considering 
capac\tafice in control systems. For a given disturbance variable, *the high- 
capacitance process' undergoes a greater change than ^the lower-capacitance * 
process of Figure 8b, though the capacities of Figures 8a and 8b ane ^qual. * 
The relationship between instrumer^t selection, adjustment, l >ancf process dy.- 
namics // wil1 be studied in Module IC-05, "Instruments for Mechanical Measure-^ 
ment." % m * . 

The most common types. of processes controlled by feedback control ap- 
plications' are the fol.low+f{g: * 

• Liquid level. , 

t • Fluid flow.. * . 4 s 

• Pressure. ' * " 

• Temperature. ' v « 
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Pro^sse's Involving liquid level have been *d*scuss§d prtor to th} 
point in the module. The liquidrlevel prppeSs is easy to explaip^and under- 
stand, and the student most .likely v ha^5TjiTi¥=^ Control of 
the liquid-level process is normally easier^o obtain in compari son -to other 
processes. , . a . 

The ease with which control fit the liquid lever is obtained is due to 
many factdrs; they are: control at Extreme 1# close tolerances is rarely 
needed, the process is normally very linear, measurements are easily made, 
and the response time and. reaction rates. are favorable. These characteris- 
tfcs will be elaborated on in Module 10-02, "Instruments for Fluid Measure- 
ment: Pressure and Level." ^, » / * ^ . 

Control of fluid .flow is the mc&t common process,. In phevioCts discus- 
sion of level control, flow of material into and out of the various tanks 
was regulated to control level; actual flow quantities were not controlled. 
The fi rst 4 consideration in controlling a process is measurement of the vari- 
able to be controlled. Although flow quantity^was not measured* it was the 
manipulated variable. Flow is the manipulated variable use»d to control most 
processes. Even when not controlled to -exact quantities as a manipulated 
variable, the precise controlof flow is necessary in many applications. A 
flow process -is sjiown in Figure 9. r' 

The flow process in 
Figure 9 utilizes the Scime \ 
principle as level pro- 



FLOW ^CONTROLLER 



POINT 



FLOW MEASUREMENT 
TRANSMITTER 




FLOW- CONTROL 
/ VALVE 



cesses'. The process mea> 
surement ^i-s provided, by the 
measuring transmitter, which 
generates a signal propor- 
tional to flow and transmits 
a signal to the controller. 
The controller compares the 
signal representing the flow 

Quantity to the reference " 
» 

-•{or set poi fit ) valve. Then 
the controller- generates a signal that is a function of the' error signal and 



I T 






fluid aow ■ — 


1 

6 



.Figure 9. "Flow ! contr(>l process.' 
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transmits a signal to- the .control valve, mich regulates the flow quantity - 
to the* desired value* r 

• The Control of pressure is, not as common in most process applications 
as liquid level and fluid flow, bttt is important in some v appl ications. The 
pressure-control .process of Figure 10 has the same fundamental control char- 
acteristic as other control processes. The student should be able to iden- 
tify the control components and describe the control principles and opera r . 
tion of this system; it is simil ar jto* flow and level processes previously 
descrMtjed. , 



' PRESSURE- 
CONTROL VALVE 



REGULATED 
MATERIAL INTO, 
THE VESSEL 



SET POINT 



BE 




s PRESSURE * CONTROL 
.PRESSURE MEASUREMENT 



VESSEL CONTROLLED AT DESIRED PRESSURl; 



HI .,H ' «4 ,H 

PROCESS* LOAD OR DISTURBANCE VARIA8LES 




Fi-gure 10; PresSurfe-control process. 



' The process in Figure 11 controls temperature by regulating the flow of 



.steam through the heat .exchanger. This process, though operating ot\ the v , 



ng the 
ing on 
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same principle of feedback 
as those previously de- 
scribed,, hasr a significantly 
different dynamic chafacter- 
istic. This characteristic 
is "the ability to store 
energy.^ When the control 
valve changes the steam 'flow 
Into the heat exchanger, the 
temperature of the product 
does not immediately resppnd* 
to the change in input ener- 
gy. The steam must' first 
heat the tubes of the exchanger. Then the, energy toust be transferred to the 
process material, which then transfers the energy to the temperatore trans- 
mitter. The/time lost betwe'en a decrease in temperature at the 'transmitter 
(caused by a^load increase) and the resulting. increase in product tempera- 
ture (resulting from an increase in steam flow caused by the controlling ac- 
tion of the control ^system) are-considerations that make the temperature 
process a difficult control situation. 




Figure 11. Temperature-control process. 



DEAD TIME AND LAG TIME 

• • : . ' ( 

Temperature processes can absor& and store more energy than other pro- \ 

cesses. However, they can also exhibit much dead time. TO .better Under- 
do 

stand the temperature process of Figure 11, assiime that the product flowing^ 
out is heated' to the desired temperature, while steam flows in at a constant 
rate. These variables .are controlled by the valve regulating the flow of 
condensate out of the heat exchanger. If the product flows into the ex- 
changer fit a constant temperature"and flow rate while the above conditions - 
are maintained, the temperature of the emerging heated product is'constant. . 
This is not usually the case, however,- because processes do undergo load 
changes from time to time. If the flow of cold product into the exchanger 
varies (decreases, for example), the temperature of fcfce emerging hot product 
increases because the product absorbs more energy from the^steam. 
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When the temperature of the heat .product .varies, the' variation is de- 
tected by ^ deviation between set point and process variable, generating an 
error signal at the controller input* The controller output -will change 
based on the etrror signal (the difference between set point and procfess 
variable)^ causae} the control valve to reposition. This changes the flow 
of steam into the heat exchanger. In some processes, the change in manipu- 
lated variable has a sudden effect on the process. However, in the tempera 
ture process, steam must first change the temperature of the exchanger 
tubes. Then the exchanger tub^es change the pcoces,s temperature. ,The trans 
ducer-'Of the tem^ratiSre transmitter (that portion of* the transmitter in 
contact with the product) must absorb or release energy (depending upon an 
irfcrease or decrease in product temperature) before, a change in output si g- 
nal- can occur. The time lost in the transfer of energy ^^ft-iiie^process is 
dead time - or transfer lag. Transportation lag, 'also known as 4 lag .time^ i 
the time lost to how long it takes the transmitter and error detector to 
generate an 'error signal that will cause tthe controller to respond to the 
yariation in the process variable.^ The terms "first-" and "se,cond-order 
lag" have also # been usefi to define deacf time and lag <time. Temperature pro 
cesses have .gheater' amounts of dead tinje and lag time, making their control 
more difficult- t 

, The procfcss-control systems described in, this module - liquid' level , 
fluid flow, pressure, and temperature - are all feedback control systems. 
The "feedback" is information 'derived from comparing the value of tfcg pro- 
cess variable to* the set point, which is* transmitted to the controller. 
Ideally, the controller output causes a repositioning of the final contro] 
element to achieve or maintain a. -balance between supply to the process and 
load on the process. Following a load change, the control ler -output should 
continue ta maintain a balance between supply anlT^emand- until the process 
fs returned to the sat point. * v t \ 

The information that Is fed back to the controller in these control 
systems can he via manual' action on the part $f a person and on a periodic 
basis (open-loop control)*oir can be through instrumentation that allows 
immediate and constant response {closed-loop control). There is one draw*- 
back to these control, systems: a change in process 6r a deviation from- set 
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/point must fatppen before the controller can take, corrective action. The 
material ajid/or energy, that is to be controlled mu$t change before the con- 
troller will correct for a load change or other disturbance variable. This 
sdTiretfmes precludes'the use of^PggaBa£k_control ♦ However, in most situa- 
tions, this problem can be overcome by the correct design and application of 
the feedback' control system. 



EXERCISES !_ ' / ' 

1. For the temperature process in Figure 11, determine the proper va'fye 
operation and controller action to provide both high- and low-tempera- 
^fure fail-safe operation. Complete Table 2. 



TABLE 2. ■ VALVE OPERATION AND CONTROLLER ACTION. 







Fail High 


Fail, Low . 


(f s 

Valve Operation 


* 


; — ^ f 

» 


Controller Action 







2. Draw^a temperature process similar to the one in Figu're u to control 
temperature by adding cooling to the process instead of heat. This can m 
be done by regu.lating the flow of cold water through the tube of the y 
heat Exchanger* Select the proper valve operation and controller ac- - 
;ion to provide for both fail-safe hicjh and fail-safe low operation. 
Complete Table 3. j 



TABlfE 3. VALVE -OPERATION AND CONTROLLER ACTION. 





Fail High 


: Fail Low 


*Valve Operation 


* 


\ 


Contraller Action 




j — 1 
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' ^LABORATORY MATERIALS 



Pump (P x ). An electrically-operated pump that will deliver 10 to 20-gal/min* 
flow against a 20-psig head pressure. 

Two control valves, diaphragm-operated by 3. to 15 psig. The valves can be 
single-seated, air-to-oper or air-to-close, with a 1-incH body and 
1/2-inch trim. x 

Two strip-chart recording, control lers^ with fast (1 inch/minute) and slow (1 
, inch/hour) chart speeds. The controller should be pneumatic, with con- 
ventional 3 to 15 psig input and output. u - * 

Two 20-gallon tanks to use ^ the-reservoir and process. The reservoir 

should be flat, about 10 to 12 inches high. The cylinder used for the 
process should be about 8. feet high and 10 to 12 inches in diameter. 

One level transmitter that has an adjustable range approximately 0-20 to 
0-200 inches H 2 0, and pneumatic 3 to 15 psig input and output. 

One flow transmitter (with integral orifice) approximately 0.250 inches that 
has an adjustable range' approximately 0-20 to 0-200 inches H 2 0. 

Assorted hoses, pi/pes, tubing, and wiring that will be used to connect the 
process and instruments. , 

21 •■ LABORATORY PROCEDURES 

1. Use a combination flow and level system as shown in Figure 12, and 
identify all components including the following: 

a. Flow transmitter, J^. 

b. Flow controller, Cj. 

c. Flow control valve, 

d. Level transmitter, T 2 . 

e. Level controller C 2 . 

f. Leve-l valve, V 2 . ^ 

Connect the process as shown in Figure 12 and install the instruments. 

. \ 
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'FLOW 
TRANSMITTER 



FLOW CONTROL 

FLOW- CONTROL VALVE 



LEVEL PROCESS TANK 



LEVEL 
CONTROL 



^/SET POINT 

o— 





LEVEL- 
CONTROL VALVE 




WATER RESERVIOR 



Figure 12. Flow-le^el process. 



2. By referring to equipment instruction/ manuals, connect the instruments 

. as indicated by the drawing in Figure 12. With the controllers on man- 
ual (or hand) control for open-loop control of th£ process, position" 
the flow and level valves. Note the valve operation as signal -to-open 
or signal^-to-close) / 

3. Using a water, hose or' other water source, fill the water reservoir. 

4. Close V 2/ with the level controller in manual operation. 
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5. Open Vi half-way. The half-open valve position cah be ascertained >by - 
observing the position .indicator on the valve. 

6. Start Pi and establish the flow into the tank at a nqmtnal value of 20% 
to 50% as measured by the flpto-mea soring .instruments.. s ! 

7. With. the flow maintained constant at tbe value established in ^Step ! ,6, 
monitor th£^vel of the tank by observing the level -measurement inj- 
strument. 1 \ 

8. When tyie level reaches approximately 50%. of vtSrjnaxImum value, ppen V£ 
~v^iTh. the manual" adjustment from the^level controller. By repeated ad- 

justments as'necessary, determine the proper valve opening to maintain 
the Jevel at a constant value of 50%.- 

9. By completion of the procedures to this point, V 2 ha$ been manually 
controlled to maintain a balance between supply (the water entering the 
tank)* and demand (the water leaving the tank) on, the level process. 

10. ** Increase the flow into the tank by s about 10% of the maximum amount, and 

adjust V 2 to mafntain the level at its original value. 

11. Decrease the flow into the tank by 20% of the maximum value, and adjust 
V 2 from the level ^control ler to* maintain the l^vel at the original 
value. - * * ^ 

,12. By completing Steps 10 and 11, manual or open-loop control of a process 
to compensate for load changes has been achieved*-^^ 

13/ The procedures for this exercise have been completed. 'Secure all 

equipment by stopping Pi, closing Vf, and opening V 2 . Thi£ will return 
thewatfer to the reservoir. . 
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fSSARY 



Automatic control' system:* A control system having one or moreau^omatic • 
controllers- connected in closed loops with one or more procesSes^^ 

Control system: A system in which prfe or more outputs are forced to chafige- 
in a desired manner as -time progresses. 

Controller: « The decision-making component of the closed-loop control sys- 
tem It compares the actual'value of the process variable(against the 
desired value for the process variable, and transmits a control signal 
that will ^ct_^n^the__inaaipulat^ed.j/ariable- in such a way as to minimize* 
the difference. " _ ^ , 

disturbance variable: Undeslred ccommand signal in- a control system. 

Error signal^-The-<ijfference between the desired value of the process vari- 
able and the actual value of the process variable. 

Fail-safe condition! A condition to which a process will return or be main- 
1 tained upon the failure of any one or all -control devices. The condi- 
tion must be the lea'st hazardous of all possible conditions. 

Feedback: Information in a closed transmission path aboyt the status of the 
process variable; generated' by the measuring means; transmitted to a 
controller that regulates an input ,vartabte to maintain the process 
variable at the desired condition. aJi 

Final contrdl element: ' 'The component -of ^ control system that regulates the 
manipulated! variabl^^ 9 *■ // _ - 

Measuring means: \The instruftervt^gr instr/ument system that monitors the pro- 
cess and supplies information i l^th^controll ing means.) The informa- 
tion is used to ascertain the actual process condition. 

Manipulated variable: The input variable to a process that directly affects 
the -process variable in a way to maintain or achieve a desired condi^. 
tion. . * . \ — s J , 

Open-loop, control system: 7 A control system in which the only regulation of 
input variables is accomplished by manual control with little regard 
for the] act^l condition of the process./, 

Process: A series of continuous or regularly-occurring actions taking place 
in a predetermined or planned manner for the purpose, of obtaining a de- 
sired final product. • *\ # , . * 

: Process, cont rol : 1 Manipulation of the conditions of a process that bring 
1 about a desired change in th^ output characteristics of the process. . 

" Process" capacity: The characteristic of a process that enables it to retain 

or store mjaterfal and/or energy, 
< I . u 

Set point: Thej desired value of a process variable that we wish to reach or 

maintain during the operation of thp process. ^ , 1 ' 



0 

I 0 • 

t , * 

Defin^ the following terms:- 

a. Process. : 

b. Process contra!. 

c. Open-loop control. 

d. Closed-loop control. 

e. Negative feedback. * 
List the components: Qf a closed-loop control system, and explain the 
operation of eagh. 

Explain the purpose of a closeti-loop control system, and explain the 
operation by which this is achieved. * 
Explain process dynamics. i 

List four processes normally controlled by automatic feedback control 

w * 
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INTRODUCTION 



Most control systems in present use utilize the concepts of automatic 

A 

feedback control . The foremost prerequisite for feedback control is mea- 
surement of the variable to be controlled. Essential l^u-any medium that can 
b$ measured can be controlled,- and that which cannot be measured cannot be 
controlled. Regardless of the sophistication of the control system, the 
control quality can be no better than the measuring means. 

^JOf ■ the four basic process types - pressure, liquid level, fluid flow, 
and temperature - pressure measurement is~the most fundamental becayee^nram^ 
of the variable measurements depend on inferred^values from pressure mea- 
surement^. This module* deals with the fundamentals of pressure-measyring 
instruments and explains the methods of using these instruments to measure 
liquid level. Level -measurement instrumeWS that are not based on the prin- 
ciples of pressure measurements are also covered in this module. Discus- 
sions are i ncluded' thaj^ stress the means by which instrument output indica- 
tions are scaled to represferHT^ewa^^ of measurement . values. 



BREREQUISITES 



The student should have -a basic understanding of algebra and physics 
and should have completed Module IC-01, "Principles of Process Control," d'f 
Instrumentation and Controls. 4 



-OBJECTIVES 



• / «f" „. 

Upon completion oflthis module, the -student should be able to: 



1. Explain. the objectTO and porpdse of process measurement^ 

2. List the sta(>da^d/unit of TOasu'remfnt^f^r^heToinowi^g processes: 
* a. Pressure. u ^ 

b, " Liquid level. 

y 
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3. State a theory measurement .for each of the processes listed in Objec- 
tive 2^ * 

4. List the operating principle of an^instrument that performs the mea- 
surement af the processes listed in Objective 2. . ^ 

5# Explain the concepts of instrument spanntng~and calibration, 

6. Define inferred measurement. 

7. Perform. a calculation 13i|trelates pressure to*1eve1* measurement, - 
6. Describe the calibration procedure for instruments, ysed in measuring 

the processes listed in* Objective 2. 



\ 
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SUBJECT MATTER 



• * '^JCflfep^QUALITY OF JHE SYSTEM ' 

AIT of the components in a closg'd-loo'p control System are of equal im- 
portance in^that the ab^en^^^Tlnal function o*f any one ^component will cause , 
the system to cease operatioh. However, the decree of success that a system 
obtains in control of a process is influenced most .strongly by two compo- - 
nents; the measuring means and the controller. Without measurement of the 
actual condition of the process, automatic feedback control cannot be 
achieved.., This feedback- signal established by-^tuM^ (measuring 
means) generates the error .signal through comparison with the setTjfoint and 
provides tjie basis of corrective action to .be taken by the controller. ' 

Because the feedback conU^ller 'action is initiated and actuate^ by the 
feedback signal f rom_th^ii!easaring_-transmitter, the overall -controf-^ualtty * 
of the control sys'^inri^cm Jiever-^rpass that of the measuring means. Con- 
trol quality depends not only on the ^static accuracy of the measuring in- 
strument, but on the dynamic accuracy (performance) as wfell. 'The trans- 
mitter will respond to process chCcmas^as fast as propess variations occur 
in order to Df^vent the corresponding controller actions front being 
d^Jjy£d^Htfhile pressure-, level-, and flow-measuring devices are generally 
quick to respond to changesHn process conditions, lag time in the control 
systems caused by tfte^ longer response time of temperature* measurement can 
present serious problems in ^control <fu#lity. " 

The control -quality of any control System i*s an expression of how '.well 
the system is able to maintain the process variable at the set- point. To be 
able^to make this determination it is* nMessary to have a means' of making* 
measurements. Measurement is t|ie comparji^)of one quantity to another spe- 
cial, quantity* that is accepted as -the reference or standard quantity. No 
comparison can ever be $xact, there will always.be a, difference between the 
standard and the other tftantity, this difference is called an error. The 
smaller the error, the greater the accuracy, and a higher accuracy leans a 
better 'control quality. ; * v . - 

For our industrial processes to be efficient and reliable it is vital 
that measurements have integrity- a ^dimension that is. measured and Wound to 
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be one inch at one site should be found to tie. one inch at all other sites. 
To ensure this, the standards for all measurements 'in the United States- are 
listed with the National Bureau of Standards (NBS) in Washington, DC. The 
standards maintained by NBS are called pr/imary standards; other organization 
and companies have their own copies of the primary standards - called* secon- 
dary standards. The secondary standards are compared periodically against 
Jtji£.pri merry standards and arg used as -comparison for tertiary standards 
Which are copies of the secondary standards. This chain of copies, sup- 
ported by periodic comparison, provides a means of^traceabil ity that ensures 
a conformity of measupe throughout industry; thusan^automobile part manu- 
factured in Michigan will'have the same dimensions as aT replacement part 
manufactured, in California. - 

A major concept that must be considered when measurement and the integ- 
rity of measurements are d£&h*ssed i^ accuracyn.- Accuracy 4s -defined as "the 
closeness by which a measured value conforms to,^he actual value*" Test in- 
struments, are-used to determine the values of the pWfis variables, and 
each has its own accuracy. The* accuracy of an instrument or* of test eqOip- 
ment is expressed by the percentage of uncertainty of my reading* taken.^ 

Care must be exercised when a measurement ts made with -a test instru- 
ment that, uses a readout that has its uncertainty Expressed as "p\us o'r . 
'minus a percentageof the full scale reading," The dangers that can be^hW- 
Sien behind this statment are shown in Example A below. 



EXAMPLE^: METER SELECTION BASED ON ACCURACY REQUIREMENTS. 



Given: A process variable is measured by a vQltage level and must be 

maiijtained^within 3% Qf its set point of 50 volts. There are two 
voltmeters available to perform the measurement.- Both meters 
have the same range values: 0-1 volt, 0-10 vj>lts, and # 0 - 100 
y volts. Meter A ha^ a stated accuracy of ± 2i fuH-§cale read- 
ing. Meter, B has a stated accuracy of ± 1% full-scale reading. 

Find: ' Which meter will fensure that'our measurements' of the set point ^ 
will be within 3%. 
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Solution:,/* It is obvious that, regardless of whioh meter is used, the high- 
est range (0 - 100 volts) must be used. Calculate the uncertain- 
ty of a 50-volt reading for each meter. * - " 

Meter A - - 

i 

Reading = 50 volts ± 2% full scale (100 'volts) 
= 50 volts t 2 volts 

Thus, meter A could read anything fr6m l 48 volts to 152 volts 
" - for an actual input voltage of 50 volts. 

" Mfcter B ' \ 

Reading = 50 volts ± 1% full scale (100 volts) • 
= 50 volts ± 1 volt 

* Thus, meter B could read anything fflom 49 volts to 51 ^olts 

, ~ for an actual input voltage of 50 volts. 

•=* • 

Notice that we must have -an uncertainty less than 3% of 50 volts, 
or 50 volts ± 1.5 volts.. Meter A has an uncertaint^f 2 volts, 
which is 4% of 50 volts, even though it had a stated accuracy of 
2%. Meter B is the only 'meter that will insure that our measure- 
ments will be within 3% (1.5 volts) of the set point. 



It is evident that more information^ is -needed about measurement devices 
thaft-just po say they are 1% or £% accurate. A person should know what the, 
percentage is in reference to - percentage pf actual reading, or yhat. \he 
most accurate .readings- wi]l be those 'th^t are^t^ft^ in the* upper third of 
the^ range"- when the penceAtacje is of full s«fi? • - ^ f. 

Now that you have be^b presented^inftrmation Vega rdftig^ what car* affect- 
the quality of measurements, it Is important that you^tje exposed to what 
'measurements will be made and the factors ^related to those measurements. 
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PRESSURE MEASUREMENT ' . • 

' j 

Pressure may be described 3te a force acting oyer an area, ^^hemati- 
ica11y~the most common equatiorr^for pressure is: "J ' 
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P = F/A Equation 1 

i 

* • 

where: F = force. ' — — ; ■ " 

A = area. - ' 

P a pressure. # •_ 

The standard units of measure used for pressure-are determined by -the system 
pf measure with which a person is working. According to the International 
System of' Units, which is based upon 'the old MKS (meter-kilogram-second) 
system, pressure is measured tn units called Pascal (Pa) where l> Pa - 1 - 
Newton/square meter. This module will deaf primarily with the English (or 
foot-pound-second) system of measurement where pressure is measured -in units 
of psi (pounds per square inch). • 

i 

Everyone is subjected to pressure but is unaware of it. Man has 
evolved in an environment that is under constant pressure - the weight of 
the air lying*over everything. At sea level this weight of air results in a 
pressure of 14J7 pst. We are not av/are of this atmospheric pressure because 
the force of the air pushing fn is balanced by other forces in our bundles * 
pushing "(tut. A building is unaffected by the pressure because the foi?be of 
the Atmosphere pushing in on the outside walls is balanced By the force of 
the atmosphere* inside the buiVdincj pushing out. v Awareness, of j>ressifre oc- 
curs pnly when there is an imbalance of pressures .and we observe the 
effects.' * . % 

Measurement came about only after men became aware of the existence of 
Tffte quantity and realized the importance of measuring it. Pressure was 
recognized as a quantity <thdt could be measured only after the effects of v % 
unbalanced pressures wisVe observed. For example-: a ballopn tan be inflate^ 
/because wa inject air with a pressure that is greater than the atmospheric' 
pressure; the ba-lloon ceases to expand when the atmospheric pre^jjre is bal- 
anced by the pressure of the air inside the balloon. A building th^ 1s 
« closed Op will explode when a tornado parses over it because the* pressure . ^ 
inside the building is greater^than t^e .press'ure outside the building. 

The same ,triing ^that| gives us our awareness of a quantity that can be 
measured al so *g1ves* the means Sy which to do the measurement. We jneasure 

r.: ■ ■ • ■ ... x - . 

' * . A 
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? * ? * pressure by" comparing an unknown pressure againSt a different, known pres- 
sure; we observe the effects of the unbalance on substances or an. object. 

. The known pressure is the reference pressure; it is the standard against" 

»• • 

which we. measure. The ideal standard would be zero pressure; however, 
achieving a zero pressure (a perfect vacuum) is theoretically impossible, as 
tthis would require that there.be no single atom of anything present in de- 
fined volume/of space. Even the space- between the planets is estimated to 
have at least one atom of hydrogen per cubic meter of volume. Due to modern 
technology, it is possible to approath a vacuum near that 'found* betweefn the, 
planets; because of thisyt is kngwn that atmospheric pressure at sea level 0 
'is approximately 14.7 psi. 

Due to the difficulty in obtaining a good vacuum, the most common ref- 
v ^ erence used to measure pressure is that of the atmospheric pressure Vn the 
immediate vicinity of the measurement instrument - this is called the am-* 
bient pressure. So Chst we can distinguish what the reference of a measure- 
ment is, a convention of notation tigs been adopted. When a measurement is 
macte with respect to ambient pressure as the Reference, the value is^alled^ 
gage pressure^ and the units of. measure are written as psig (p'eunds per 
square inch gage). When a measurement is. made with zero pressure as the 
reference, the value is called absolute pressure, and the units of measure 
are written as c ,psia (pounds per square inch .absolute) . Absolute and gage 



pressure measurements^ are reJated by the equation: 

% 

^absolute = Pgage + ^atmosphere 



Equation 2 



where: P&solute 



■ P 



gage 



pressure in units of psia. 
pressure in unit^ of psig 



Patmosphere = pressure in urfits of psia. 
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2*0 
2flLO 

24.0 ■- 

zzo n .- 

2ao 

1&0 

16.0 
14.0 
12JJ 

iao 

4,0 
4.0 

2.0 



27.0 pm- 
25. 0 pm ■ 



2.0 p#d 



EJ 



DIFFERENTIAL 
PRESSURE 



(GAGE PRESSURE) UUpt* 



25.0 (wg (ABSOLUTE PRESSURE) 



STAN OAR 0 
ATMOSPHERIC 
PRESSURE 
14.7 pm 



• PERFECT VACUUM 



Ambieflt pressure is deter- 
mined by the latitude, alti- 
tude, and gravitational ac- 
celeration of the location. 
Most yfstances do not re- 
quire a knowledge of the ab- 
solute pressure, therefore 
it does not matter; ft is 
the difference in pressure 
that matters to the pressure 
gages. Figure 1 illustrates 
how the different pressures 
are related. 



Figure 1. Kinds of pressure (examples), 



LIQUID' MANOMETERS 

The term "manometer " is a name given to pressure gages capable of re- 

4M> " " " " * ~ " 

spondingto small pressure changes. It is derived from Greek origin - the 
term "mano" meaning thin, or rate, and the term "meter" meaning to measure. 
"Therefore, manometer probably once signified a gas or vapor gage; but, to- 
day, it is generally accepted that a manometer signifies a 1 iq^iid-type gage 
used to measure low differential pressure. Though. sometimes used as a pro- 
cess-measuring instrument^rtianometers are most commonly used as accurate, 
* — \ 

secondary standard cal ibrating ^instruments in laboratories. The two general 
types of manometers are U-tube and bell. Both have similar operating prin- 
ciples, but the U-tube is discussed in the following paragraphs. 

The U-tube manometer shown in Figure 2 is constructed by bending a 
gl>ass tubejinto the shage of a U, filling the tube about half-full with a 
liquid of known* specific .gravity (density of liquid/density of water), and 



EMC 



Page 8/IC-02 



) 



( * 



41 



ZERO REFERENCE LEVEL 
WITH EQUAL PRESSURE ' 
ON EACH TUBE 



GRADUATED 
LINEAR SCALE 



/ 



—-4 <q^) 



a. A manometer with equal pressure applied on ea^h tube. 



□ 



HIGHER PRESSURE HE^E 
CAUSES THE LIQUID 
LEVEL IN THE TUBES 
TO $E DISPJ-ACED 



HIGHER PRESSURE CAUSES 
LEVEL TO DECREASE ON 
THE HIGH-PRESSURE TUBE L 
AND INCREASE ON THE ' 
LOW-PRESSURE TUBE ^ 



/ 



I 



/ 



\ b. A manometer with different pressure 
Y applied on each tube. 



GRADUATED 
LINEAR SCALE 

4 

3 — 
2 

1» 
0 

1 * 
? 

3 - 
4 



SIX-UNITS OF-4.E 
DISPLACEMENT CAUSED 
BY THE UNEQUAL PRESSURE 
ON THE TUBES * 



Figure 2. ~ U-tube manometer's. 



• marking a scale to measure the displacement of the liquid level in the |wo 
legs of the tube. With equal pressure applied to each tube, the liquid in 
each tube will be at the same level. When there' is a difference in pressure 
on the two tubes, the liquid level'in the tubes^will be displaced, and the 
amount of the displacement (distance between levels) will -be proportional to 
the difference 1n pressure* The relationship between the amount of * 
displacement and the pressure difference on the-two tubes can be explained 
by referring to Figure 3. 
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1 foot 
12 inches 



1 CUBIC FOOT OF LIQUID. 
WATER WEIGHS 62.4 POUNDS 



P-P/A 

. A (aret) - 1 sq ft 

- 1 it x 1 ft 

- T2 irf x 12 in 

.2 



A - 144 In* 



F - 62.4 pounds 

P *6Z4 lb/ 1iLA .2 
144 in 

P - 0.4333,^ psi 



Figure 3. • Relationship between pressure and a column of liquid* 

MFrom Figure 3, it can be seen that a one-foot column of water exerts a 
pressure of 0.433 psi. By dividing 0.433 by 12, the pressure exerted by a 
column^of water one inch high is 0.036 psi. These values - 0.433 psi/ft 
water and 0.036 ps^/i n - provide the basis for using -the displacement of a 
column of liquid to measure pressure, This is termed "head-type pressure 
measurement" because a column of liquid is commonly called a .liquid level. 

In manometers, water 1s useTais~tli6"lTqut(l. to measure small pressure 
difference; but 5 for*large pressure measurement; the water. columns woyld be ~~ 
too high. For example,, atmospheric pressure (14.7 psi)* would cause a column 
of water to be* displaced. 33.9 ft as seen 'by the calculation: 



, 14.7 psi =.33.9 f t 
0.433 psi JH 



I To measure higher values of pressure, heavier liquids aroused .in 
manometers. Oils heavier thanwater sometimes are used, for this purpose; 
however, mercury is most commonly used. The specific gravity of mercury 1s 
13.55, add a pressure wijl displace a column of mercury 1/13.55 the distance 
that a column of i*ater. would be displaced. Or, this may be seated as fol- 
lows: -For equal values, of displacement,, pressures 13.55 times greater can . 
be measured by using- mercury as the rftanometer liquid. The following formula 
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can be used to express the relationship between Hc^i 
pressure, and liquid specific gravity:^ 



- 0.433(G) 



d head displacement, 



Equation } 



/ #here: J 4 Ji = Liquid displacement, 1n feet.. V ^ ^ - ( * 

,,j>, ^Pressure, 1n Ib/sq Mn. " ' - 

G = Manometer liqliid specific gravity with respect to water. 
0*433 = A constant that 1s the pressure # (psi) of a one-foot , column 
of water. ' % j , * 

Example B shows a calculation of pressure using Equation 3. 



if 



EXAMPLES: CALCULATION OF PRESSURE. 



Given: A liquid". with a specific gravity of 2.4a. . The columrr of liquid 

• • 1s 43 ft. \ *' 

Find: ■ The pressure, In .psi^ caused |>y the liquid column. 
Solution: Using Equation* 3 and solving for P, 
P = h (0.433) (Gj t 

=~43~ft (0.433 in/ft)JZ.4S) r Tr ~~~^~ 
P = 46 t 17 ps',1. * 



\ 



PRESSURE TRANSDUCERS 



Transducers are devices that transform one form oj^energy into another 
form of energy that 1s mor^ysable. A basic^road c1a«_of transducers are 
the Bourdon tjubes. These are^rtssure elements that^transform, pressure Into 
mechanical movement- or motion. 

Bqjirdon Tubes and Pressure Elements 



There: are several types of Bourdon tubes used as pressure . transducers-. , 
The most commonly used in process pressure measTjT^ement areVthe following: ' 



• C-tube, 

• Spiral. 
•Hellcat. 




ly used as t>an$ducer^are the- following:' 



Pressure/elements-vjUi^t are con 

• Ddaphragm. 

• Bellows. * ' - * 

• Capsule. . . ' V ^ * % * . ■ • 

^Bourdoh tubes are; constructed >t of a thin, springy ty^of metal that expands- 
when pr^esswe 1s applied and returns to' itsv orlgl^i, ^tfe when the pressure 
1? removed. wisBally, one-^nd of the Bourdon tubals? fixed, * and one 'end 1-$^ 
free to move.Mjtovei^ results at the free end (tip) when 

* J - J *- u ~ —a movem ent produced* by the 

Bourdon "tubes" s^dWTT in Figurg^may vary from oneVfourth of an;incfi to^a 



STATIONARY 
ENO 



APPUED FLUID 
PRESSURE TO 
BE MEASURED- 





PRESSURE appubo 
'TO FIXED END 



C Helical 

F'igure -4. Bourdon* tube*. 



FREE END , 
PRQDUCES MOVEMENT C 



few-thousandths of an Inqfr^ This .movement conforms to Hook'S^aw, which • 
stated the following:' H^tf^n elastic limits, the f ree end will experience a 
mffvefafktl\at is proportional to the fluid pressure allied *to tfie fixed 
end. * ^ 

t-tube *1s perhaps the most common of *al 1 Bourdon Jfube tfpfes^-4tH£- 



generally easier „to manufacture-to uniform startdards anat1n~ large quanti- 
^UJas^J^ius 1t 1s less^ex^effslw;' C-tube Bourdon tubes^can be made to occupy 

small, shallow- spaces, with enough depth to allow legible dials for pressure 

« 
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. * gages *an<T other indi cat iTg~Jnst rurnerft^ " Less tip travel is common -for the 
C-^>e when compared to ttie tip travel common tg the, helical and spiraj 

* types of EJourdon tubes. The tip travel, for a C-tube is normally restricted 
to~3f5°. This tip travel can be amplified by an arrangement of* link anjJ 
Tever devices t or ^ecter-pinion gears,' and can be used to position an-indica- 
tor hand, br^polnter, on a pressure gage. Amplification of the fr$e-end tip 
travel is not normally used i-n pressure "Control lers or transmitters. The 
unampHfied motion is sufficient to position' a flapper with respect to a 
nozzle for 'pi^eumatiq^evices. or to move arr iron "slug 1 * in a linear variable 

r differential. transf^erHty^T) for electronic .or el ectfTcal devices, The # 
operating" pressure range of C-tube Bourdon 'tubes is from- a few pounds to 
several thousand poundS'p.6r sguare inch. Tube construction - usually the « 
'thickness and type of material - determine the pressure range. 

Spiral and helical Bourdon ,tut?es pr6v.ide more tip travel and are gener- 
ally-more sensitive to small pressure differences than the C-tube types* 
The operating range. of a spiral of helical' Bourdon ^ube can be from a fj 




fractions of a pound per square inch of pressure to around 500 poun 
* -* 
* square inch of* pressure. 

. < . y ; 

— -Pr essu r e* Elements ■ : f - "l-Zzm _ — - \ 

** Pressure elements are mechanical devices used as pressure transducers 

- in applications where :lower pressure ranges.-are prevalent and greater accu- * , 

racy fs required. Whil.e. Bourdon; 'tubes are used in gages and pressure- sen- 
• sors or transmitters for higher pressure applications, * pressure elements'are 
u*ed in transmitters for lower-range service (usually less than 100 psig) 
and for receiver instruments (such as controllers, . recorders, and indi- 
cators). , * . ' * 

- ' ' # 

'"Bellows are made of springy material! formed in the shape of a thin-wall 
% tube. The tube is then. worked to fom^de^rxon volutions, which allow the 
tube to expand much like an accordion. Bellows have a sealed end and an 
open end, to which th6 pressure to be measured is applied. The^rjcrease of, 
pressure inside the bellows forces the bellows to stretch, producing a nfSfctew^^ 



ment at the free' end. Two^bellows can be situated so that the movement of 
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one is in opposition to the difference of the. two pressures. This arrange- 
ment ts-used in the measurement of differential pressure. Figure 5 shoWs 
'two bellows that ar^ used for pressure and differential-pressure measure- 
ments. • 



APPLIED PRESSURE TO BE MEASURED 




. MOVEMENT ^>p 




FIXED END 



FREE END 



a. Single bellows 

pressure measurement 




t 

pi 









1 









1 

p 2 



b. Bellow for ■* 

differential measurement 



Figure 5. Bell<jw5~-tised for pressure and -differential measurement. 

Diaphragm ^^—---^ _ 

Pressure diaphragms are made of either a pliable fabric material or a 
thii^n^'pliableni^tTl^ transducers normally are larger iti surface 

area than any of the other type discussed and, therefore, will respond to 
much lower pressure Ranges. * Thg^recoliimonly used in differential-pres- 
(sure-measuring instruments". In suchlfp^ are seal^dhto^ 

t the case and fixed ,in^ that position. A difference in pressVe/tfn^he $+de — 
causes a movement at J;he v center 'that is concerted to measur^e^T^ _Se6 Fig-; ' 
ure 6. % -» 

Capsules consist of two diaphragrasH;tot~aTe w61dQ$J or otherwise fas- 
tened together t at the edges. Usually a^fluid such as silical gel' is sealed * 
between the two diaphragms* to transmit the force from one chamber to {he 
other. • tr— - , . " - - 
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TO READOUT 
MECHANISM 

| MOVEMENT 





^INSTRUMENT 
CASE 



AffUED PRESSURE 

pressure matsurtmam with diaphragm pratwra gaoa 



TO READOUT 
MECHANISM 
ff* J ' FLEXIBLE 
\ ~ * MATERIAL 




APPLIED PRESSURE #1 



b, Different to Hx««u re measurement with diaphragm 
pressure gage 



Figure 6. Diaphragm-type pressure gages. 



Strain Gages * 

A popular \ ran sdu cer^for^^fessuT^mea s ur^ment is the sth^lnrgar^e. 
Strain gages are made~ of thin wires that have a uniform resistance to length < 
ratio. These are bonded tcra flexible or pliable support such as paper or 
plastic- A change in pressure on the strain gage causes a variation of # 
force that tends to distort; stretch,, or compress the resistive element. 
The distortion- causes a change in the physical characteristics (length and 
diameter) of the wire; this-, in turn, causes the resi stance. to change, The 
resistance rhange ~ which formally Ts"smalT,"Ts^ 

resistance bridge. Figure 7 shows, an arrangement used to measure With a 
strain gage. The bridge is initially balanced by* adjustfpg R3. A change in 
th^ pressure applied to the strain gage causes the bridge to^ be unbalanced, 



FLEXIBLE 

SUPPORT' HOUSING 




* WIRE BONDED TO 
FLEXIBLE SUPPOBT 
fENSION ISTR^Nj 
INCREASES WITH PRESSURE* 



BRIDGE VOLTAGE SOURCE 



Figure. 7. Strain gage and bridge insuring. circuit 
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thereby causing a change in the recorder response-. * This application pro- 
t yWes a 'very accurate means of measurement .with a wide.pange of sensitivi- 
ties. The sensitivity can be altered by' changing the value of %\ and R 2 , 
-the recorder sensitivity, or the value of : the bridge voltage. 

Pressure measurement, as .covered In this module, is used in the actual 
control of pressure processes (as 'shown in Figure^) and as indirect mea- 
surements of liquid level and fluid flow. (Note:\Any of the various pres- 
sure transducers discussed in this module can be" used^as^. transducer in the 
pressure transmitter in Figure 8 to cause a signal proportional to pressure 
to be generated.). . ' 



SET POINT 



SCALED SIGNAL P0RP0RTI0NAL TO PRESSURE 



I: 




UNCONTROLLED FLOW 
INTO PRESSURE VESSEL 



FfcQW OUT OF VESSEL 
MANIPULATED TO COIS 



PRESSURE- 
CONTROL VALVE 

AS ■. 



IS 



CONTROL PRESSURE 



Figure 8. Pressure-control process. 



CALIBRAtlON OF PRESSURE TRANSMITTERS AND GAGES ■ " 

.All measuring devices used' ih~tne> process industries must be checked, 
from time to time for accuracy and correct operation. This is usually done 
by an instrument technician who accomplishes these procedures by using, stan- 
dard .and established bench or laboratory methods. The calibration of any 
device .consists of simulating the actual process concfftipns and making the 
instrument response correspond to the measured, simulated input. If the in^ 
^trument v to be checked or calibrated is a local indicator - as a pressure^ ~ 
gage, t for example^ the poijiter movement should correspond to the measured 
^ n P u t 4dt ^Fg^ example, if a pressure "gage is to measure ^bssure in the pres-> 



Page WiC-02 



sure range of CPtOylOO psfg* the pointer should travel 100% as the pressure 
changes 100%, or from 0 to 100 psig. 'To .calibrate. a pressure-measuring de- * 
vice, the test setup shown /in Figure 9 can>be used. The general calibration 
procedure is to apply a pressure to the calibration pressure header, to read 
and note the indicat46n of eacf) pointer* and, by calibration adjustments 0 
(zero, span, and angularity), to make* the readings of the meter under'tesj: 
correspond to the test instrument (secondary standard). Step-by-step prq- ° 
cedures to do this will be given in. the Laboratory Procedures pdftioo of. , 
this module. < _ I - ■ - 




v 1 



TEST INSTRUMENT 
~ (SECONDARY STANDARD) 




^MEANS TO SIMULATE 
x THE PRESSURE PROCESS 



^ * PROCESS INSTRUMENT 

PRESSURE HEADER* OR METER UNO ER TEST 



Figure 9, 0 Test ^pparatus used to calibrate a pressure gage. 



LIQUID-LEVEL MEASUREMENTS 

The measure of liquid level * usually is accomplished^* the*util;izatlon 
of the following types of sensors: ■ 
Float-operated devices. # 

Head-type (or pressure) devic$$. $ 1 *'" Q 
Capacitance devices. 



„ Conductance^ el ect rodes i 
Ultrasonic detectors. 
Radiation detectors. 
Displacers. 
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All of the devices listed above generate a motion, force, or some other re- 
sponse to a movement of the surface of 'a liquid. 



, FLOAT-OPERATED DEVICES 

- Floats are the simplest or most common of the level devices used; but 
their application is usually limited to two positijons: ON-OFF control or 
local indication. Normally, tKey are not used in transmitter to generate a 
scaled signal for transmission. Figure 10 shows applications where floats 
are used to measure liquid, level. 

-s 



CABLE 



FLOAT 



PTXi 



ELECT RICA LCpNTACTS 
pPERATEffTSY FLOAT j 



PULLEY 



LIQUID 
LEVEL 




POINTER 



TO ALARM OR 
CONTROL CIRCUIT. 



WEIGHT 



I— 0% 
10 
f— 20 
30 
40 
50 
60 
|— .70 . 
80 
90 
1 — 100% 




. GRADUATED SCALE 
a. Proportional level measurement 



b. ON-OFF$or two position 



it 



Figure 10. Float-operated level devices. 



HEAD-TYPE (OR PRESSURE) DEVICES 

S - a ^ 

By referring to Equation 3 of this module and reviewing the principles, 
of manometers, it* canHe seen : that the relationship between pressure and 
liquid heacl is sucivthat one of these two variables can be inferred ffbm tjie 
measurement of t*ie other one. A manoif(eJ;er is used to determine an unknown 
pressure quantity by measuring a displacement tyfra^G^lumn of liquid - called 
a hydrostatic head , or, simply, a head. ^ The application can be reversed to 
measure a value of liquid level. - 

The level-measurement .technique- depicted in Figure 11 is a head-type 
level-measurement application. The pressure applied to the pressure trans- 

Page 1J8/IC-02 - ' - 



Sir 



V 



+ 



^ quitter at the bottom of the -tank is proportional to the height of the liquid 
level in the tank and the density of the fluid. If the tank is open, or at 
atmospheric pressure, a simple pressure transmitter can be^used for the mea- 
surement (Figure lib). If it is a closed v\ssel iiinder pressure, a differeri- 
tial pressure-measuring device is needed,- as shown in Figure 11a, The 
static pressure on the tank ia Figure 11a is applied £o both sides of the 
> fc differential pressure transmitter and will not affect the response of the 
instrument. If the pressure changes, it wijl- change on both sides of the 
differential pressure (d/P) transmitter, and the transmitter will respond 
only to changes in level •> - ~ ' - 




SIDE 



SCALED SIGNAL , 
PROPORTIONAL TO LEVEL- \ 'DIFFERENTIAL 

PRESSURE TRANSMITTER 

a. Closed tank level measurement 



ATMOSPHERIC PRESSURE 



SCALED SIGNAL 
PROPORTIONAL TO LEVEL 




PRESSURE TRANSMITTER * 
USED TO MEASURE LIQUID LEVEL 



b. Open tank level measurement 



Figure 11. Liquid-level measurement by a hydrostatic head. 

The fact that one tank is larger in diameter than the other (in Figure 
11) bears no significance. \ The surface area of th$ tank has no effect on 
the ^pressure applied to tive^transmitter caused by the liquid head, because 
the pressure is force per unit arefci or pounds per. square inch. The total 
force will be greater on the bottom of the larger tank, but not the pres- « 
sure. \ * ' 
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EXAMPLE Ci ' CALCULATION OF RANGE OF PRESSURE TRANSMITTER. 



Given: the liquid level 1s to be measured from 2 ft to 100 ft In the 

tank 1n Figure 11a, The liquid in ths^-tank has a>spfccific grav- 
ity 0^0.68. Two feet is the zero referenta level because the 
- transmitter is located 2 ft^ above the tank bottom, 
ind: The range of pressure transmitter needed to measure the level. - 
Solution: From N Equatiorv / l, h - - > and solving fipr*P, 

- P * h(0.433)(G), and substituting, 
* = (100.- 2){0.433)(p.68)- 
P = 28.85 psig 



From Example C> 1t is evident that the'preSsure transmitter will operate 
in the range from 0 psig to 28.85 psig. Zero psig corresponds to 2 feet of 
liquid level, and 28.85 psig corresponds to 100 feet of liquid level for a 
fluid with a specific gravity of 0.68* To demonstrate how y liquid level 
between^the two extremes (0 - 28.85 psig) would appear on the pressure 
transmitter,' Figure 12 and Example D are offered. 

To clarify how a head-type measurement can be used to indicate a level 
*we will examine the following examples\and Figure 12. 
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FLOW INTO TANK 



100 ft 



46 ft 



v 



\ 



■ 



LIQUID WITH A DENSITY ONLY 
68% THAT OF WATER * 



-^-2 ft 



FLOW OUT OF TANK 



Figure 12.\ Pressure measurement as -level indicator. 



G 1 ven 
Find: 
Solutions 



EXAMPLE Df SCALING. 



The ljiquid level 1s 46 ft high, as measured from the tank bottom; 
whereas the level -measuring transmitter is 2 ft from the -bottom. 
The percent of full-scale Indication of the level -measurTng 
transmitter. - 

In this and afl scaling problems, it should be observed that the 
percent of span measured pn the input of the level transmitter 
*tfJj/equal the percent of output. 
Th^ percent of measurement input is: . „ * 

9L 
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t 46 I 2 ) (100) = ii (100) = 44.89% of the full 
(100 - 2) , 98 measured value. 



The output response of the level transmitter will be 0-28.85 
psig. The actual pressure response caused by the level is: 

(28.85) (44.89%) = 28.85 (0.4489) = 12.85 psig 



The purpose of the pressure transmitter, that being an indicator of 

level, can be fulfilled in marfy ways- The pressure transmitter readout de- 

v 

vice (meter) could be 1 calibrated to read out in units of percent of total 
volume (2% - 100%), or feet of head (2 ft - 100 ft), or in pressure (0 psig 
- 28.85 psig) with a conversion chart or factor by which the height could be 
calculated. 

A m^ans by which a pressure measurement can be converted into a height 
measurement is shown" in Example E. 



EXAMPLE E: DETERMINATION OF LEVEL. 
_* • 



Given: The pressure gage (transmitter) of Figure 12 now reads 9.45 \Jp 

psig. , , 

Find: What is tt the level of- liquid)>in the t^nk - the level from the tank 

bottom, and not from the level of ttie transmitter. 
Solution: By Equation 3: h = P/0.433 (G) , — ^ 

h 4 9.45/(0. 433)(0. 68)= 32.09 ft 
~T~ ■ level = 32.09 ft + 2 ft = 34.09 ft 

conversion factor: 

- maximum height (from transmitter) _ ^ 

maxiraurti gage pressure 
98 ft/28.85 psig * 3.396 ft/Rsig 
level = (9.45 ft) (3.396 ft/psi?) + 2 f t = 34.09 ft 
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CAPACITANCE DEVICES . . < , 

By Immersing two electrodes into a tank (as shown .in Figure 13),. the 
liquid level can be measured by measuring the change in capacitanee between 
two electrodes^ As- the level 'changes, the liquid between the electrodes 
changes* The liquid is the dteleqtric of the capacitor. When the liquid , 
changes, the capacitance wrll change ^accordingly. 



AS THE LEVEL 
„ CHANGES BETWEEN 
POINTS A & B, THE 
CAPACITANCE BE- 
TWEEN THE ELEC- 
TROOES VARIES TO 
GIVE A MEASURE- 
MENT IN RESPQNSE 
TO LEVEL. 




NOTE: EITHER LIQUID MUST &E NONCONDUCTIVE 

OR PROBES MUST BE ELECTRICALLY INSULATED FROM LIQUID. 

Figure 13. Capacitance-type liquid-level measurement. 

% 

The dielectric constant of air and njost .other gases is one (1), whereas 
most other substances have higher) values. If this, capacitance between the 
electrodes l^assumed to be £ (a constant) whert the-tank i§- empty, and the 
__tank. is filled with a liquid having a dielectric constant of four (4-), the 



capacitance for the full tank will be 4C. This will cause the value of .C x 
in Figure 13 to unbalance the bridge, 'and the unbalance wi 1 1 proportional 
to level. ' 

The capacitance bridge, which.is similar to the d.c. Wheat stone-, bridge-; 

is excited by an a.c. voltage^ When an audible frequency .is used, the , V .u- 

i f > ir/ 

bridge detector can be a sjpetaker or other audio device. Fpr industrial apt*, 
plications, the detector is usually a recorder that receives a scaled* signal 
fTv$iji the bridge. ' * - ' ' J * 
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In Figure 13, R2 and R3 are precision variable resistors adjusted to 
balance the bridge at the zero reference .level. R 2 is a .fixed^value -pre- 
cision resistor, Ci is a fixed-value capacitor, and C x ^ reprints t^ 
variable capacitance between the plates. The value 0^ C x is^express* 
mathematically by Equation 4.^ Ri and R3, called .ratio re^istjprs*/ c$h be 
selected to help determirfe the overall bridge* sensitivity, 

C x = Ik (Ci) Equation 4 



Capacitance level -measurement devices are use ih applications where % 



other level-measuring techniques could not be used' successful ly. They are 
normally more expensive and difficult to maintain. If thev dielectric con-' 
stant^ of the liquid material is known, values of C x corresponding to dif- 
fer^t values of level can be "connected to the bridge circuit. Calibration 
adjustments are then madeto the bridge detector to calibrate the overall 
bridge circuit. , However, empirical calibration techniques are more|commonly 
employed, whereby the calibration adjustment^ are' made, to corre'sporp to 
actual .level values. In such cases, it is- necessary to be able to determine 
the actual 'level* values by alternate means. # * 

CONDUCTANCE ELECTRODES ' fc - 

Conductance electrodes can be used where the conductivity between the 
electrodes is a function of the amount of liquid between them, much like the 
variable capacitance 1n the previous discussion. The electrodes are then 
connected to a d.c. bridge measuring circuit where imbalance detector re- 
sponse is a function of /liquid level. . Level measurement 5 by conductivity 'is 
seldom used in the process and manufacturing industries. 

ULTRASONIC DETECTORS ■ 

Level measurement by *ultrasonic-type detectors finds little or no use 
in the process industries; but these detectors are used when all other means 
of level measuremertt, are. totally inadequate. 
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' The principle of level measurement by ultrasonic detectors fnvolves an 
ultrasonic' generator and detector. Sound waves *re generated*** the bottom 
of a tank or vessel and recelyed or measured at the.) same location. The. , r 
sound waves leaving the source, or generator, travel through the. liquid 
medium and are reflected at the surface. If the speed of sound in the* 
liquid medium is known, level measurement then becomes a matter of- measuring 
the, time 1t takes the ^soundwaves to make the- round trip from the source to 
the detector. These measurements can be made with such precision and accu- 
racy that 0.1% accuracy in level measurement can be achieved. Ultrasonic 
level-measurement techniques are used 1n depth finders for sea and ocean 

craft, as well as for oil well depth measurement. 

* . . Anothe r-means of con - 



GAMMA RAY 
DETECTOR 




POWER SUPPLY 
ANO AMPLIFIER 



SCALED SIGNAL 
{PROPORTIONAL TO 
LIQUID LEVEL) 



LIQUID 
LEVEL 



r 

SHIELOEO 
RADIOAGTIVE 
SOURCE 



'FLOW OUT OF TANK 



Figure 14. RadiaHon-type liquid- Tevel 
measurement. 



ducting a level measurement 
indirectly and with no phys- 
ical contact between the 
fluid being measured and the 
measuring device is illus- 
trated in Figure 14. Radio- 
active radium (Ra^ 26 ) decays 
to become nad^on - (a radio- 
active gas). In the process 
of decay, alpha particles 
and gamma rays are emitted.— 
, The alpha particles have 
Tittle ability to penetrate 
and thus ijave no value 



" . to the operation; gamma' rays, however, have high penetrability and offer a 
very accurate and efficient means of. level measurement. 

Gamma rays lose energy In proportion to the amount of material through^ 
y.'wMcK they travel.; for a given distance traveled, the greater the density of 
. the substance, the 'greater the energy loss. The amount of energy Tost 1n 
" penetrating the metal bottom and top. of the tankMn Figure 14 Inconstant, 
thus only the amount of fluid 1n the tank (level) can cause a change 1n . 
energy loss, of the gamma rays. By knowing- the amount of energy loss per 
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foot of the liquid and being able to measure the jnergy received art the ^de- 
tectors 1t 1s. a simple matter to calculate the depth of I1qu1d fc 1n the tank, 
because the average gamma energy at the source 1s known* 

Level measurement by gamma ray detection 1s accurate, but it 1s expen- 
sive when compared t'o head-type and other level -measuring devices. ,Like the 
ultrasonic type, 1t .should be used only as a last resort. 



DISPLACERS 



An Important level ^application 1s the measure of Interface levei^W^ " 

. <> . -_ ' _ _ ^ 

ii^irhc Mnterface 13 the point ,at which twd^TfquTds tliat have different spe-" 

ciflc gravity values meetrisr come together.. Common applications Involving 
the measurement' of interface level are 1n the chemical, petroleum, and 
petro-chem1cal_ industries where water and a petroleum product form a^ Inter- 
face (Figure 15). Liquid-level interface measurement is based on \a small 



SMALL MOVtMCNT HERE 

omcriojY ocvicul 
that q inmate a ? 

SIGNAL WOW»mONAL 
TO INTtftFACt LfVCL 



MlKTUflt OP UQU40S 
A AMD I 



100% 



MEASUREMENT 
> SPAN OF 
INTERFACE 




SIGNAL PQRPORTtpNAL . 
TO SET POINT 

| ^ INTERFACE 

LEVEL 
CONTROL 



LEVEL 
MEASURING 
MEANS 



INTER- 
FACE 



LEVEL 



CONTROL VALVE FDR- 
Li QUID A 



LIQUID a 



LIQUID A 



Figure 15. Interface level measurement and control system, 
amount of movement of the dlsplacep caused by the different amount of buoy- 
ance.. caused by the liquids of different densities'. When the tank 1s com- 
pletely filled with the lighter liquid the dlsplacer will exert a 
greater force on the spring - which 1s caused by the lower buoyant force of 
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the liquid.' *>lh€n the tank is completely filled with the heavier materiaj A, 
t,he displacer will exert less force on the spring -"which is caused t^y the 
Increased buoyant force of the heavier liquid. The different forces exerted 
on the spring causethe displacer to have a small vertical movement that is 
transmitted to the l^yel transducer by the° link-and-lever arrangement 
shown. This is the 1 n pSft to the level transmitter that is the feedback link' 
in the control system. The displacer movement is a function of the inter- 
face tevel . 



1. 



2. 



3. 

4. 
5. 
6. 



EXERCISES- 



ToriVert 45 inches of water column, to: . 

a. Inches of mercury column. 

b. p§ig. 

' c. psia. (Assume atmospheric pressure at se.a level.) *© ; 
Express atmospheric pressure as: ^ 

a. psig. 

b. psia. 

c. * * Inches of merely column. \ ~* 
'd.' Feet of water columns 

What would be -the pressure range of a level transmitter used to measure 
liquid letel. from 0 to 88 ft if the liquid hcis a specific gravity of 
1.2? 

What is the pressure appfied to the transmitter in Exercise* 3 above 
'when the-lfevel measurement is 32 feet? 

List three different means of level measurement, with at least one ad- * 
vantage and one disadvantage of each. 

l,ist the maximum pressure that can be measured in psig with a mercury 
manometer that is 30-in high. 



LABORATORY MATERIALS 



100-1 b air supply source 

A fixed 20-psi g pressure regulator 
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/T 30-in laboratory quality mercury bell manometer wittra psig scale and an 
inches-of-water scale ^ 
variable" regulator capable of 0.1% regulation up to maximum regulated ^ 
pressure* of 20 psig 

0-5 psig pressure gage with 0,1-psig resolution 

0-30 psig pressure gage with 0.5-psig resolution 

2 globe valves (one-fourth-Vich MPT with one- fourth-inch NPT) 

Approximately 10 ft of one-fourth-inch polyethylene tubing 

Approximately 4 ft of one-fourth-inch pipe 

Assorted pipe and tubing fittings 



LABORATORY PROCEDURES 



LABORATORY 1. GAGE CALIBRATION FOR A>30' psig GAGE 

1*. Connect the equipment as shown in Figure 16 using the 0-30 psig. gage as 
the meter under test.* 

2. Adjust the variable regulator to its lowest setting or by turning the 
adjusting knob to the full counterclockwise position. | 

3. t With blofck valve 2 open, slowly open block valve 1. The p^P°se of 

block valve 2 is to vent the pressure on the -hfeader to atmosphere 
should block valve 1 leak' in the closed position-. This helps . to )re- 
vent the possible loss of mercury in the manometer if,. by accfdent, a 



component malfunctions and, the pressure on -the manometer becomes exces- 

> • ' ' ~_ — . 

sive. / ■ ■* - ■ ^ 

4-1 While ,-6pjening_ bl^Ju^^^T-^k^ the indi-Gation on the manometer 
and press^r^^gage. 'The readings should stay at zero. 4 

5, With zero pressure^f^h^ header, adjust the manometer for an indica- 
tion of zero. Micrometer adjustments are usually provided to do this. 

v ♦ ' 



\ 
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X 



r 




TUBE IN WH]£H MERCURY RISES 



V 



GRADUATED LINEAR SCALE 
POR INCHES QF WATER AND p5ig 



GAGE FACEWTH GRADUATIONS 

. \ PRESSURE GAQE 

' UNDER TEST .-f- 



0-g 





20 lb PRESSURE * 
REGULATOR f BLOCK VALVE 2 

VARIABLE REGULATOR 



5z: 



'^CONNECTING 
^ TUBING-OR PIPE 

ZERO PRESSURE 
REFERENCE LEVEL 4- 



MANUAL BLOCK 
VALVE 1 




CALIBRATION HEADER* h ^ 

>Wp.pe ^ M S5S ; 

RESERVOIR ^ 



100 pstg AIR -SUPPLY 



BELL MANOMETEf 
OR OTHER SECOND/ 



4DARD 



Figure 16. Apparatus for pressure-gage'^fbrattpn, using* bell manometer ( 
• as-a secondary standard.' \ 



6. Z£ro the pressure gage by making ced^4*Hrh3?^he pointer is at^the 
zero position; This can be done ypvsteq^Tln^^ adjusting ^crew 
on the point or by removing the poirfter and replacing it to^point t< 

. ~- r the.-Z^ this pro ce dure. \ y 

7. < Close block valve 2 while observing the pressure readings on the gage 
, arid ^nanometer. Any increale-in the. response of either^ instrument - th 

manometer or gage - indicates a leak-in the regulator. Positive shut- 
off of regulators is not necessary, but the leak should not be great 
enough to cause the manometer to deflect more than a couple of inches 
of water.- « 
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*8. Slowly increase the pressure by increments equal to 10% of the full- 
scaJ&oValue of the meter urfcJtr^est. This would, be increments qf 30 , 



psig, called the meas^eij^Jj^ observe and. 
record the corresponding value as-^iracl^Sfi the manometer. This is the* 
actual value. Jtecord the values in the Data Table. Turn the regulator 
to the extreme l^f-t position to put zero pressure on the header. • 
9. Plot a calibration curve, using the values in the Data Table* as 
illustrated in Figure 17. ' ' 




INDICATES-ERROB-CAUSEO- 
?Y IMPROPER ZERO 
ADJUSTMENT EITHER ZERO 
TOO HIGH OR TOO LOW 



INDICATES SPAN' GAIN' OR 
MULTIPLICATION ERROR - 
CAUSED BY IMPROPER SPAN 
ADJUSTMENT » 



INDICATES EXTREME NON- 
LINEARlYY OR ANGULARITY 
ERRpR CAUSED BY 
IMPROPER LINKAGE ' 
ALIGNMENT 



10 20 30 40 BO'^ST 70 
ACTUAL VALUE 



8Q 90 100 



Figure «17* A calibration curve. 



10. If the calibration curve shows accurate calibration, the procedure 1s 
complete. If the cal tbratitfn is not accurate, continue the procedure. 
11... If zero error exists, as shqwn on the/cal4bration curve, open block 
valve 2y^lrepeat Steps 5 through 9. ' 




i 
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12. If span error exists, remove the glass and face plate and make a span 
^adjustment by changing the length* of the lever. Lengthen the lever to 

"increase span, and shorten the lever to decrease it. 

13. Repeat Steps 5 through 9 and 12 until the** calibration is complete. 
Most pressure gages do not have adjustments for angularity error. • 
Angularity error is ^caused by damaged components and excessive wear. 
Angularity is corrected^ adjusting the link (Figure 15) when such ad- 
justments are provided. 

14'. Dismantle %pe test apparatus. The procedure is now* complete. 



"TAB ORATORY 2. GAGE CALIBRATION F|0R A 0-5 psig^GAGE 
Using a 0-5 psig gage, repeat-all fourteen steps of Laboratory 1. 

T - • *■* ' ' DATA TABLE 



" - N DATA TABLE. 


Percent of" Full- • 
\ Scale Value 


Measurec 


Value 


- Actual Value 


Procedure 
1 


Procedure 

2 \ 


Procedure 
1 * 


Procedure 

2 ^ 












10 , •; 


s 








20 - 




* — - — 






3a- 










'-40 . 










50 . 










-60 - ' * 










70 










. 80 




ft , - 










A. 






• 100 


4 
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GLOSSARY . _^ 

— 

Accuracy) The closeness to which a measured value agrees with an actual 
value. 

Control-quality: A measure of th^abil ity of a control system to. achjeve. a 
.desired process conditio?!. Usually this is a measurement with respect 
to process recovery .from an upset or a load change. 

Dynamic accuracy: Accuracy relating to instruments or systems in a state of 
change. 

Hydrostatic head: The pressure exerted by a vertical column of liquid, 

usually waters, or , one with a known specific gravity. 

Interface: The intersection of two nondispersible liquids of different spe- 
cific gravities. ' t 

. Manometer: A device used for pressure measurement, usually a secondary 
. standard. It .consists of a glass tube and reservoir filled with ■ 
liqilid. Pressure applied to the reservoir causes the liquid to rise in 
the tub*. The hetght to which the liquid rises is measured in linear 
^units add converted to pressure. The scale is normally calibrated in 
pressure units. 

Pressure element! A device that produces a uniform amount of movement or 
motion caused by physical distortion. The physical distortion is 
cause'd by the applied pressure that is to be measured*. 

^ecqndary. standard: A device used as a standard in shop and laboratory 

Calibrations. Its accuracyMs- usually traceable to a primary standard.* 

Sta£i!f accuracy: Accuracy relating to st§^Le--5$a.tic$ conditions or 
.^operation's. ft \ ** 

■ ' - '-:/■ - ■■■;/■ 
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1. *Make the following pressure conversions: 

a. inches of mercury = 45 inches of water. 

b. A psig 3 10 inches of mercury. 

c. ^ inches of water * 7 inches of mercury. 

2. Atmospheric pressure, at sea level,' is equal to: 
♦ a.' i psig. ^ 

b. , psfa. r . 

c. inches of mercury. 

d. feet of water. 



s 

iff 



3. 

4. 

5. 
6. 
7. 
8. 

9. 

10. 

11. 

\z. 

13. 
14. 

15. 

16. 

17.- 

18'. 



The pressure range of a level transmitter used to measure 0 to 100 feet 

of liquid with a specific gravity of » 1.2 is y psig. 

When the liquid level is ^2 feet, the hydrostatic-hea^ pressure applied 

to the level measuring instrument in Question 3 abq^ is psng.^, 

List four pressure elements. 

List three means or methods of level measurement. 

List two types of measurement standards. 

List the standard unit of liquid level measurement in the MKS system 
and the FPS system. , 

The maximum level at standard ambient conditions that can be measured, 
with a 0-5 psig" gage\is , - . . 

The minimum amouot* 1 of water level that can be measured with the 0-5 

psig gage used in Laboratory Procedure 2 is a t . 

Level, measurement ^by" hydrostatic head is called an [ . 

List two units of measurement for liquid level. , 
List three units^of measurement for pressure. 

Because of ease, simplicity, and expens^r th*e most common means Of 

♦level measurement in industrial applications 1s - . 

A laboratory standard for pressdre measurement less than 15 psig is 



r 




List four, pressure| elements used, as tranducers, 

Two devices used to convert the movement of a pressure element to a 

transmitted signal are - and . 

** ** — 1 *~ 

The closeness to w,hich a measured *alu£ conforms to the actual value is 

t ■ . ■ • f 

called ' . 
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INTRODUCTION. 



Many industrial processes require an accurate measurement of -fluid flow . 
through* pi pes. The important of thi ^measurement lies in the fact that 
'fluid flow is generally the manipulated variable in most process control 
loops.' The -increased emphasis on efficient material, and enengy cosumption 
has placed even more significance on the control of fluid low in -production 
economics. For example, when energy was inexpensive, the'measurement of 
steam or. gas flow was of little consequence. Now, however, with soaring 
fuel and material costs, it is very cost effectived to measure accurately , 
fuel and produce, flow rates, regardless of -the initial cost of the, measure- 
ment equipment. The costs of installing measuring instruments in process 
control, is normally recovered in a very short time* 

Jhe purpose of this module is to present the various types of flow mea- 
suring devices used in process flow monitoring and to discuss their prin- 
ciples of operation. Mounting procedures -wherever critical - are dis- 
cussed, as Well as calibration and check-out procedures. The selection of 
flow measuring instruments for "specific applications - advantages and disad- 
vantages - are also covered. , „• 

. ' , ' , . ' \ PREREQUISITES 

The student should have a tjasic understanding of algebra and physics 
and should have 'completed Modules IC-01 and IC-02 of Instrumentation and 
Controls. ' 



OBJECTIVES 

P * J 

* " • " ' x - %' 

Upon' completion of this module, the student should be- able .to: 
1. Define the following tfermsfusing assigned units, where applicable: 

a. Discharge' coefficient. * 

b. Diameter ratio. ■ * . 

\ 
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c. Reynolds number, . 

d. Taps.* 

2. Ust and explain operating principles (include descriptions, character- 
istics, and applications) of various differential pressure sensing 
flowmeters. * 

3. * Discuss flow-measuremfent secondary elements (transducers). / 

4. Sketch a typical differential -pressure flow-sensing device and trans- J 
mission channel. t \ 

5. Install an orifice plate and a venturi tube in pipes; measure pressure 
drops as functions of flow; calculate flows, based on nominal discharge 

, coefficients, for each device. 

6. v Calibrate an orifice plate and' a venturi tube by making a differen- 

tial-pressure versus flow curve; calculate discharge coefficient. 
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SUBJECT MATTER 



In many industrial processes' the flow of fluids is used to regulate 
ot^er variables - temperature, pressure, or level % When one of 'these other 
variables is the 'manipulated variable of a process, the measurement of the 
flow is less Important. However, when flow is itself the manipulated vari- 
able of a process then accurate measurement* s.of flow and the changes of flow 
rate are required. , # . 

The fluids that' are to have their flow measured may be of two types^ 
compressible (gases) or incompressible ^liquids or gases moving at low 
speed). The measure erf the flow of these fluids may be in terms of quantity 
or quantity rate^ The quantity measure will be predominantly in units of 
weight or volume, and primarily in the FPS (foot-pcfund-s&Cond) or English 
system of measure. Quantity rate will be the flow measure of interest in 
this module and wfll ilso use units from the English system of ynits, such 
astounds per second" (Ib/s) or cubic feet per second ^ft*J$). 

% > ' a. 

BASIC PRINCIPLES OF FLOW MEASUREMENTS 

r - ' / " - ■ 

To understand fluids in a specific system, it is necessary to be famil- 

^r with spme of tbe elementary' characteristics of fluids while they are in 

motion or static (not moving). 



FLUID FLOW 



\ 



. Significant flow characteristics include: 

• Volume and* mass flow. 

• Steady and unsteady flow. v » ' 
Mass force andtenergy changes that occur in flow. 1 

- The latter charact'er+stic .inval ves the "law of conservation of mass, energy 

• # • and momentum. 1 ' ' The. conservation of mass is easily understood; e.g. , the 

' . .„ • 

amount of fluid entering a p ? ipe (assuming no leaks) must Jbe the same ai the 

fluid exiting from the pipe. 

.. • v 
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FLUID STATICS 



Pressure is transmitted through fluids to all parts of contact. This 
phenomenon, based on Pascal's law for static fluids, states that the pres- 
sure on a particle or element of a static nonflowing fluid is tfie same in 
all directions, neglecting pressure due to the Weight of* the fluid itself. 

' A typical example of this law would be an inflated tire. Air pressure 
is the same everywhere in the tube. A useful appl i cat ion of thisJaw is the 
hydraulic piston used to lift 1 a caV at a service station. A heavy car can 
be lifted with a reasonably low-pressure 'system (Figure. 1). - m 




F A « 600 lb. 



r 



A A ■ 10 sq. in. 



A B a 25 sq.in. 



Figure 1. Hydraulic system. 

. f ' 

Assume two pjstons of di fferent 'size are .connected as shown. By 
Pascal's law, pressure P is equal throughout the system.— If the downward 
force on piston A is '600 1 bf i_ the calculated pre$ure exerted on the fluid 
by piston A is*: 



-A 



.A 



.A- 
A 



600 lbf 
lb in 2 




/ 



.Because P is -constant, 



V - 
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tKferefore 



= 60 — x 25 in 2 = 1500 Ibf 
in 2 * 

Under normal industrial conditions, the fluid in^a power system is most 
often under pressure- and completely fills the pipes, tanks and assemblies of 
the systems. Its pressure is due in part to the force of gravity or weight 
of^the fluid (statics), in part to forces applied externally by pumps or* 
compressors, and in part to the result of addincj energy to^the fluid (e.g., 
ftater to steam). 

VELOCITY AND MASS FLOW RATE 

The mass of fluid that passes a given point in a fluid system in a unit 
of time\is referred to as mass flow rate - the rate (or speed) at which 
fluid moves past a particular point in the .system. Mass and velocity of 
flow are often considered together. With other conditions unaltered - that 
is, with volume of input unchanged - the velocity of flow increases as 
cross-sectional area (size) of^a pipe decreases; inversely, the velocity of 
flow decreases as cross-sectional area increases. In an open river or 
stream, flow velocity generalises slow through wide sections and rapid 
through narrow. sections, even* though the volume of water passing each part 
of the ^stream is the same. The:equation for this continuity^ of .mass is 
expressed as follows: 



V A V P A " \ \ P B ' * Equation,! 



where: V = average velocity of fluid. 
A = cross section-of pipe, 
p = density of fluid. 



, 73 



IC-03/Page 5 



COMPRESSIBILITY AND TEMPERATURE EfFECTS ' • ' * 

* If fluid density is constant (i.e., if there* are no temperature or com- 
pression effects, such as expansion or contraction) , then the mass equation 
of continuity is equivalent to the vol umetHc equation of continuity: 

■ * ~~ 

A^ = Ag Vg _ . Equation 2 

y f , - - _ 

, — r 

Liquids are essentially noncompressible (however, they are affected .by * 
temperature) • Liquids can* be only slightly* compressed, even under extreme 
pressures. For example, if 100 p'si is applied to a body of water, the 
original volume will only decrease 0.03 percent. ^ * 

The effects of temperature are not as negligible* fgr-example, the .den- 
sity of water in an operating reactor's coolant system is about half its 
density at room temperature. Since heat-transfer capabilities and energy 
carrying capacities of coolants in power plants are related to fluid mass 
rather than volume, it is important d^> be able to measJre mass flow or to b$ 
capable of * correcting volumetric flow. 

BERNOULLI'S ENERGY EQUATION 

With the^previous discussion in mind, the first practical consideration 
of fluid-flow measurement requires the stating of an energy balance . 
Bernoulli developed an energy equation for an incompressible fluid with a. 
constant density. In a frlctionless flow of fluid through a pipe (Figure 
-2fc three significant components are measured in terms of "heads" -(equiva- 
lent weights of columns of fluid in units of feet or meters). These columns 
are defined. as velocity head (kinetic head), pressure head and elevation 
head (potential energy of the fluid). For instructional purposes, they ar£ 
combined to illustrate Bernoulli's energy equation for the flow of incom- 
pressible fluids: 

' - , ]L+'JL+Z = H • Equation 3 

2g pg . 



- aVSS *- " * — v 
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where: 



REFERENCE ■ — 

LEVEL 

Figure 2. Total and* static heads for flufd/flow. " 

H = constant (called total head or total pressure), usually 
measured irr feet of .fluid. 

2 J& ' 2 

velocity head, with units of (— ) 2 or feet. 

- -2a^>_ , sec f t - ' 

— = pressure head, 1n feet. / > 

Z - elevation head (height of fluid above a reference level) 
in feet. ' °* 

The tem p<) is the gravity force (weight per unit volume), i.e., 
^ p - p . p 

specific weight. ThuS v -— may be written as 1, in units of feet; 1 repre- 

pg W I* * • • 

sents energy per lb of fluid needed to raise its pressure by P (where W = 
> weight)/ • ♦ 

It is sometimes convenient to refer to the sum of the terml (Z + Z) 

as* tl^e =: < f^i7 \piezOTetric) head . In the energy equation, internaVenergy 
Of thq fluid 1s assumed to be "constant. One form of internal "energy is heat 
energy. 
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Tubes inserted in a pipe {Figure 2) are identified as A and B. Tube A 
1s bent so that its open end faces direct ly^upstream (perpendi cular). The 
fluldstream striking this op^en end is brought to rest (stagnant). This 
tube is caikfd a pltot tube, measures' both the velocity head and the pres- 
sure head (I.e., the total flow head)l 

f Tube B> inserted iji the pipe wall so thaM^ts open end is flush with 
the Inner wall* causes no disturbances to flow. Fluid flows past- the open 
end of this static tube without deceleration, which allows it to record 

rstatic (piezometer)^ hWd^^. ? • y&L . ' V 

, the level jn Jube A (totaj head of fluid above the reference lev4l)^ex- 
ceeds the level in Tube B (representing static head of 'the fluid) by an 
amount equal to the velocity head. Note> All heads are convertible to . 
pressures; i.e*, velocity head represents veWcity pressure; the static 
head represents static pressure: * t 

' Pressure (P) * pg (head) 

where: p, = mass density, mass/unit volume. 

g^gravitationa4~*c^e^ratioi^0ns^^ 

head = displacement of column in manometer," distance-. < 

; ----- ? 

Thus, using standard FPS units of measure: 

* ■ ' (V 2 /2.g)/pg) = [(ft/s) 2 * ft/s 2 ]G(lbm/ft 3 )(ft/s 2 )] / 
• = (lbm/ft-s 2 ) 

~. \ - 

Remember: according to physics, F(force) = m(mass) x a(acceleratlon) 
v> Thus m^ F/a and Ibm = Ibf Aound force)/(ft/s 2 ) - 

" ' J 

(lbm/ft-s 2 )' = (1bf-s 2 /ft)/(ft*s 2 ) 
' * Ibf /ft 2 = P 

-Friction-, which is always present, must be considered. ~In practicaT 
cases, loss of head or pressure by friction is caused by the fluid flow. 
This loss is subtracted- from the velocity head and added to the , static head. 
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If one end of the pipe were higher than the other, the elevation head, 
Z, would be the difference, in feet, between any two points of measurement. 

MEASUREMENTS AND CHARACTERISTICS 

> A wide variety of instruments and techniques are used in .irtdustry to 
measure quantity and rate of fluid flow, a*nd its pressure (or levels). Flow 
rate's ar£ expressed in both volumetric (gallons, cubic feet, etc.), and 
weight (Ibf) units per unit time. * Gases are generally measured by cubic 
•feet per minute ^or.hour), steam in pounds per hour and liquids in gallons 
Tfrer* minute (or hour)*. The most accurate method of measuringOiquid flow 
would Ee by weighing the quantity onflow; remember, specific weight, 
density and specific volume* all change wit^; temperature change in the 
fluid. Conversion between volumetric flow and weight (mass) flow may be 
expressed simply: 



Qm = pQ v 



Equation 4 



^where: p ="density of fluid. 



Qm 



mass flow rate, 
volumetric flow rate. 



IT 



The closed cycle systems found in many industrial processes make the 
above method impractical. Thus,, flows must either be measured by (1)^ appli- 
cation of the principle of "conversion of mechanical energy" through the 
conversion of a fluid's velocity to the various types of pressure heads dis- 
cussed previously, of* (2) by mechanical displacements induced by flow, with 
such devices, as paddles, floats or turbines. Categorically, all the above 
devices are called flowmeters. * • * 



CLASS If ICATION OF DEVICES 



Typically, various ,types of flowmeters may be grouped as follows: 

• Volumetric. 

• Area. 
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* • Differential. 

• Momentum. 

• Electromagnetic. 
' • Ultrasonic. 

From the above, there is usually one device that is more appropriate for a 
particular process instrumentation need. Selection of a specific meter de- 
pends on required accuracy, operating environment, expense, and durability. 

A basic consideration of flow sensing is that all flowmeters consist of 
two parts: (1) primary element; i.e., the element in contact with the flow- 
ing, fluid, and (2) secondary element, which translates the interaction into 
numbers and indicates (or otherwise displays or records) the desired infor- 
mation. ' /r — 

r 

Flow sensors for industrial^processes can be placed in one of two 
classes; differential pressure or \infereptial flowmeters, or linear flow- 
meters. This module will deal wiyi rate measurements primarily; these are 
inferred from the effects of* the fluid rate on pressure, force, heat trans- 
fer, flow area, and so on. 



------- , FLOWMETER- FUNDAMENTALS 

If a constriction is placed in a pipe in which a fluid is flowing, 
there will be an increase in the fluid velocity, 'and an increase in kinetic 
energy at the constriction point. This statement, based on the "conserva- 
tion of mass" relationship (Figure 3), can be calculated as follow^: 



1A2 



2_-__-__,. t .-_4_j!^ 



?2 »? 2*^2 i&Z'^Z 



Figure 3. One-dimensional flow system. 
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Q = &i = A 2 V 2 P 2 * Equation 5 

\ - ^ 

where: Q = volumetric flow (a constant); 

A = area of pipe (cross s^tional). 
p = density of fluid. 
V = velocity of flyid. 
T = temperature of fluid. 

Velocities are considered to|fce average velocities; in reality, however, 
velocity varies across the pipe 'di ameter, beginning as z^ro at the wall to a 
maximum in the center; In an ideal case, the Bernoulli equation can be 
combined with Equati"orT\5: 0 

Q = .CA / 2gh = A 2 V 2 Equation 6 

- *■% 

where:. C = coefficient of discharge for constriction. t 
A = cross-sectional area of constriction, 
g = gravitational constant = 32.2 ft/sec 2 , 
h = differential pressure (static) or head, {Pi - P 2 ). 

This relationship is called the "square-root" law and, basically, applies to 
any type of restriction. - It is confined, however, to incompressible ideal 
fluids iri this module. ^ 

The coefficient of discharge is an empirical constant, based on type of 
constriction* ( diameter ratio ), and is equivalent to: 

.... . C = Qactual \ Equation 7 

Q ideal 

This constant also depends on the magnitude of the Reynolds number (Nr 6 ), 
a function of turbulence, dens^y, viscosity and velocity of the fluid. 
Thus, the constant-, C, actually includes a separate constant called the- 
"approach factor." 
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1 - (d7D)' 



Equation 8 



- wnere: d = area, A 2 , of constriction (such as an orifice). 
D = diameter or area, A, ofvpipe. 

(Note: In the actual development of working equation^ for commercial appli- 

cations of head or differential -Rressure flowmeters, Equations 6 and 8 re-. 

v ; 

quire additional 'correction factors for specific fluffed temperature, and 
other variables. 4 These factors are normally found on j the specification 
sheets^ for such devices.) ; 

In short, C is introduced to accoitfit for deviations from the ideal 
Bernoulli equation. Its value is general ly 'near unity, although precise 
determination must be achieved by empirical calibration. 

Pressure-sensing connections, or taps , are sma 1 1 ; holes located^accu- 
rately (in accordance with recognized standards) so that published discharge 
< coefficients for a specific flowmeter are applicable. f (The differential 
pressure that measures static pressure varies, with choice of taps.) 
* % Forjiany industrial situations, pltot tubes occupy a place of only 
minor importance as primary elements for head flowmeters. They are, how- 
ever, effective tools for spot checks and scans of flow streams**. The latter 
is important ii) determining velocity distributions of profiles acrqss pipes 
or duct-s 

DIFFERENTIAL-PRESSURE DEVICES AND CHARACTERISTICS 

Orifices, nozzles and Venturis are. by far the most common types of f 
flowmeters used in industrial process closed circuits. Figure 4 shows 

these three differential pressure devices and a pressure vs. position graph 

* 

for each. 
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FLOW- 



FLOW- 



POSITION 



a. Orjfict Flowmeter 



FLOW 




FLOW. 



' UPSTREAM 






S^**^ DOWN Sf RE AM 




POSITION ^ 




^ 



POSITION 




v. 






r 





b. Nozzle Flowmeter 



c Venturi Flowmeter 



* 1 



4 V 

Figure 4. Differential-pressure devices and pressure characteristics. 

^ ■ I 

ORIFICE PLATES 

The, orifice plate is probably the earliest and most common primary de- 
, vies ivi commercial use. Characteristics favorfng its choite include: 

• Ease of manufacture. 

• Reproducibility. " * 

• Ease of Inspection. 

• Ease of Installation. « 

• Economy. ^ 

The orifice plate is simply a thin dlsk.^lamped between gaskets in a 
flanged joint. Usually, _a concentric' circular hole in the plate is smaller 
'than the internal pipe diameter.* ' 



Vs. 
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SQUARE 
EWE 



KNtFE 
EDGE 



BEVEL 
EDGE 



/ 'id 



_44 L_ 

! I 



Figure 5. Orifice plates* 



Pressure connections for 
attaching a differential gage (or 
separate static gages) are made at 
side holes in the pipe w^l on both 
sides of the plate* The plate hole 
mv be square, knife edged or 
bWeled edged (Figure 5)* ASME- 
designecf (American Society for Manu- 
facturing Engineers) orifice plates 
can be used without individual cali- 
bration with great assurance of 
aScuracy* I * 

In a. typical orifice meter (Figure'6), tap locations must be located • 
^ery accurately according to one of three arrangements recognised by 5 the 
"V ASME Code* , ' * ' - ;4 * * X 

Flow through a sharp-edged or squarfe 'concentric orifice plate is char- 
acterized by a change' in velocity, whi£h reaches a maximum at a point 
slightly downstream from the oMfice* Beyond that point, velocity reduces 
tout's original ^alue* Not£: Pressure is minimum where velocity is maxi- 
mum, in addition it has been noticed that the cross-sectional area at this 
■ point is minimum and is actually smaller, than the opening; this position is 
called the vena contracta* ^ , # N < * - 
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VARIABLE IN THE CASE OF V.C. TAPS 



VENA CONTHACTA OR 0 ANO 0 TAPS 

Z 



Figure 6.- Topical orifice meter*. , 

The basic working e.qua't*ion for an orifice plate (based on Equation 6) 
may^be stated, as follovfe:. • 



0 = CqA 



29 (Pi - Pz) 



Equation 9 



where: 
'0 



Q = volume flow rate. 
' A.= cross-sectional area of orifice. 
D 0 = dtfameter of orifice, ft. m * 

ffi = -in^ide^ diameter of pipe,- ft. ' 3> 
C 0 - orifice discharge coefficient* whijch v$rje$ with type" of 
orfftce, position of tap{,and Reynolds "'jmber (Nr 6! ). 
Px ! ** upstream pressure/ 
P^-^ downstream .pressure. 
p*<6eight density of fluid, Ibf/ft" 3 . ' * 
=' 3, 'diaoiet^r ( rat'io. *^ * 



7). 



The above variable may be reTcited-to the orifice coefficient , C (Figure 



2 4 66 Z 4 66 Z 4 68 Z 4 68 




Figure 7. Orifice coefficient; C for circular square-edged * * 
orifice with corner ta[)s. 

Given a known volumetric flow rate, orifice and pipe dimensions, fluid 
density and expected Nr g ,, a disd*arge-ccfeffi event can be determined. In v 
turn, expected differential pressure aTso may be, calculated. In actual 
cases, the calibrated values- of an orifice a're known and,Mn .turn, an 
unknown flow differential pressure can be measured. This pressure is 
plotted versus flow (Figure 8). , 







10.0 








i 








• 


9.0;- 


• 




8.0 - 




o 






N 










» 


<n 




0 


hi 
z 


6.6 . 




o 
z 








.3.0 






-- 




cr 








-AO 


* 


tu 






PR 


3.0 






2.0 






1.0 



















• 












































i 














































































r 






















































































'- 




















/ 
























































j 




h — 














U 
















i 










i 












- 












vrxt A 




















- r www - t 

i 












n 

1 






! i t 




1 !/ 
















1 ! 1 


1/ 










! 




Mr 




1 |. 




i 


1 

t 


i 


i 




1 




i 




! ! 




I 
1 


I 




i 


i ' 




| 1 




! 1 






i 




t 


! 




1 

i - 



I. 



PRIMARY OEVlCE DATA* f 
TYPE> Orific* PUrtt \ I 
•METERED NO. 304. Ssl - 
MNE SIZE* 10* SCH ICX 



ACTUAL LINE LD. i 
K).420 # (A5TM-A3l2^tT) 

ORIFICE SIZE 1 7^602* 



100 200 300 400 50Q 600 700 

FLOW (GPM) 



Figured. Manometer differential pressure across orifice versus flow. v . 



EXAMPLE, A: FLOW' VS. DIFFERENTIAL PRESSURE. « 



Given: Pipe I.D. * 4 in— D^' . 

Orifice I.D. = 2 in = D 0 (square-edged with corner t^ps).' 

Reynolds number = 40GO. * . 

Fluid = water. * , * 

Find: Orifice coefficient and flow as a function of differential 

pressure. 

ScVution: For a Reynolds number 0/ 4000 and D 0 /Di of 0.5, orifice , 
coefficient (C 0 ) is given as -0.66 from Figure «7; therefore; 

* ■ *' • / 

„ C 0 = 0.66 
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By using Equation 9: 



Q =,CqV\ 




(0:66)(JLl_*ft 2 )<x . 
. 12 2 , ^ 



(0.66)(0.23r8) x 



/ ~2 6 x 32.2 ft/sec 2 x (P\ - P 2 ) 

-62.4 i^d. c^,^; 

\ Tr • „ 4/i2 J ' .-. 



ft/sec 2 x (P, r - P^)" } 
• 62.4 -Ibf/ft 3 x (.0.9375) • 



= 0.0144 ft" 



1.101 



- sec x 1 bf 



(Pi - P 2 )' " 



= 0.015 • P.i - P 2 , 



sec 



where, P i- and P 2 are pressure in psf. . 
•if Pi* and P2 are given, in psi, ■ 1 



Q = 0^181 Pi - P 2 , ft 3 /sec. 



fL0W v NOZZLES 



' / - 



Smaller hoTfes jn anorifice plate cause flow^to-be pressed" tagether 
farther downstream frdm the jrfTfijbe; thus the discharge .coefficient departs 
measureably from unity. In cxJrTtrast, a flow nozzle givel^ smooth, conver- 
gent section, which discharges the flow more parallel to the axis of flow 
aad witlj lass convergence and pressure loss (Figure 9). 

. > • 



J 
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.UPSTREAM TAP 



OOWNSTREAM TAP 
/ 



FLOW 




Briefly, the" nozzle'is 
described as a short .cylin- 
der, one end of which is 
flared to form a flange that 
can be clamped between pipe 
flanges. Jhe purpose of the 
sntooth, curved entrance to 
the- nozzle is to lead the 
fluid smoothly (with minimum 
turbulence) into the measur- 
Figure 9, Flow nozzle with pipel ine taps. ing section (throat area ). 

: J£e~"tlj?wjT3^ 1 e passes 

approximately 60 percent more flow than a^-ortTTce* with the same different- 
ial pressure and the same ratio of throat-diameter to internal-pipe- ■ 
diameter. 

A- flow noz^e can be instal>ed'in a welded pipe, but it cannot be used 
't # o meter flow .in ( either direction. , It js successfully used, in installations 
where .limited lengths of straight pipe limit orifice usefulness. Turbine 
engineers use 'flow nozzles extensively in„turbine performance testing. 



.< 



;VENTURI TUBES- 



'r 



The venturi tube is essentially a smooth extension of the flow nozzle t 
with a subsequent gradual f divergent, conical section that-expands until the 
original pipe diamete'r >s again attained (Figure iO). This tube, used 
mostly in Oargp pipes, is more accurate than, an orifice plate or flow, noz- 
zle, but 'considerably moce expensircx arid more difficult to install. 

— vcnunct 



Figure 10. Typicaf ventiiri tube. 
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— " The basic working equation for a ventifri tube is similar to that used 
for orifice calculations: 



* -Q C V A 2 



' -2g (Pj - h) 



p cr- (-Vl 

Ar 



Equation 10 



where: m (J - average velocity at point' 2, ft/^ec. 
Pi s P 2 s differential pressure, lbf/ft 2 . 

- A 2 s cross-sectional arfea at point 2, ft 2 ; 



p = weight density of fluid, lbf/ft . 
^venturi discharge coi 
flow rate and fluid. 



C y "-^ventun discharge coefficient, which varies-with geometry, 



Venturi ^ube design favors their use in continuous-flow .slurries and 
suspended matter that normally might clog or alter the characteristics of an 
orifice plate or Us taps. ^ 

PITOT TUBES ♦ 

. ^ 

In genera.l , a pit;ot. tube for determining flow by differential pressure, 
co'nsjsts of two members, one for indicating the sum of the static and veloc- 
ity pressures at a point in a body 0^ fluid in motion, and the other for in- 
dicating static pressure only^^The first is«known as an "impact tube", and 
the pressure, registered by Ct as the ^otal head" or "stagnation pressure" 
(Figure 11). \ * • r ^~~ 
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IMPACT TUBE 



STATIC TUBE 



•f 




STAGNATION POINT 



Figure 11. P1tot tube, Independent 
static-tap. 



Beginning again with the Ber- 
noulli equation, it can be shown that 
flow 'pel St; the pitot tube is charac- ' 
terized by the same general type 
equatiohs~ pre^ously discussed for 
orifice plates and venturi tubes: 
(See Figtire 11.) 



P2) 



Equation 11 



where: ' Vi = velocity of fluid in line with pitot head, 
C = impact coefficient. 

Pi impact pressure (absolute) (i f V 2 . = 0) . • 
P 2 = static pressure in flowing fluid, absolute, 
p ^weight density, lbf/ft 3 . 

• >* * * 

It is important? to note' that velocity is measured at only one point in 
a cross section of ^lui d flow (contrasted With other 'flow elements, which 
consider "the avera'oe or effective velocity of an entire stream)., 

z. .- • • - .•■ 

ELBOtf DEVICES V- \ % 

. ^There are many instances in which it is on>y ^necefesary to'know that a 
loss or a relative drop in flow has occurred. For* example,, In a PWR, the 
primary coolant flow rate in each loop is established by a constant-speed 
pump. To detect .a *lx>ss or reduction in flow, an elbow-differential-pressure 
device (Figure 12) is used. Pi r fz is an established^ valine 'for the desired 
flow. As the primary'cqplant flow drops off, the differential pressure is 
reduced. This signal* annunciates 'and,- in some cases, trips the reactor. 



0 
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Figure 12. Elbow differential-pressure flow, sensor. 



INSTALLATION/OPERATION 
' \ 4 

Regardless of the primary eleffiegtVyected, certain important installa- 
tion factors shQuld be considered to ensure accurate measurements: • - 

Location- in piping, in relation to' (a) bends (elbows)^ (b) changes in 
pipe' cross settion* 

• Possible need forj|pproach-straightening yanes ( streamliners ), 

• Location^pd^ype of* pressure taps. . 

• Dimensions and conditions of pipe surface before and 'after element. 

• Position of element relative tp .direction of fluid flow. 

• Type and arrangement of piping from primary element to differential- 

• 3? * ' 

'pressure measuring. instrument. 

Abnormal velocity^and distribution at pr^sure measurement point?**' 
influences readings from any of the head flowmeters previously didscussed/ 

7 

For tf\is reason, it is important tp^ilstall elements with adequate lengths 
of straight,, smooth approach pipe. • 

When the piping layout, especially adjacent elbows and [jartially closed 
valves, do not allpw sufficient streamlining of the flow to eliminate pres- 
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sure disturbances, straightening vanes are used. These Vanes eliminate 
swirls, cross-currents and eddies set up by fittings, valves and elbows up- 
stream "(Figure 13). These units are welded into pipe nipples and„mounted - 
between companion flanges to form line sections. m 





ONE PIECE 



TUBE, END VIEW 



Figure 13. Straightening vanes. 
TRANSDUCERS AND TRANSMITTERS 

. 

In remote transmission systems, a secondary element (transducer) is 
considered to include both the transmitter containing the measuring mechan- 
ism and the receiver.. In effect, the -direct mechanical 'connection of a 
, - — * * „ . ^ 

self-contained secondary element fs replaced by a" pneumatic or electric 

position-transmitting mechanism. * .. 

The two general classes of measuring mechanisms of differential-pres-* 
sure transmitters are the motion-balance type and the widely used force- 
*• balance Jtype. 

\ In/a force-balance system, output is suppled to a pneumatic bellows or 
electromagnet that opposes th^\ force exerted by the measuring mechanism. In 
v a typical device, sometimes referred to as a D.P. (differential-pressure) 
cell or a delta-P cell (Figure 14), a change in differential pressure 
changes the air gap at a nozzle tip, thereby changing nozzl**pressure. This 
change, in- turn, is amplified to provide an output signal. ? 
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PIVOT 



FORCE BEA 

ADJUSTABLE FULCRUM 
(RANGE ADJUSTMENT) 



SEALING DIAPHRAGM 
low mssune 




MEASURING 
OlAP 



CONNECTOR 



RESTORING B^AM 
ANE~ ADJUSTMENT SCREW 

RESTORING BELLOWS - ' ' 
VANE 

RESTORING BELLOWS INPUT PRESSURE 
ZERO SPRING 

NOZZLE AIR FROM 800STER RELAY 

800STER RELAY , „" 

AIR TO NOZZLE * * 

RELAY OUTPUT PRESSURE* 
PUT LOADING- PRE3SUR* 



SUPPLY PRESSURE 



^ . * x Figure 14. D.P. cell. 

CALIBRATION 

Commercial differential-pressure flowmeters, generally, are designed 

« - 

according to ASME standards. Vendors calibrate their orifices^ nozzles and 
venturi tubes within theicj>Wn very sophisticated facilities. On the basis 
of these calibrations, head-type flowmeters are $old with accompanying spec- 
•ification sheets. % : 

% * ^ By applying good engineering ahd installation practices, "the flowmeter 
is then calibrated in place, by using the design_dat^jad_the' specification 
sheet. 1 



Laboratory calibrations of flowmeters are accomplished through th&,,use 
of time-related, volumetric accountability of-tbe fluid (direct method). 
Precision manometers, are used to measure differential pressure in conjunc-. 
tion with secondary element output. * . '< , 



Page 24/IC-03 N 



32 



TABLE 1 

ADVANTAGES AND DISADVANTAGES OF THREE PRINCIPAL PRIMARY ELEMENT TYPES 



Advantages ' v . Disadvantages 


— J ORI 


FICE 


1. Lowest cost , 

2. Easily installed and/or replaced 

3. High predictability of coeffi- 
^ cient of discharge / 

. 4/ Will not wear in service / 
5. Sharp edge will not foul/ip \ 

with scale or dirt / 
6* Adjustable type capable df wide 
range metering , 


1. Unrecoverable head loss some- 
times objectionable 
" 2.* Suspended matter may build up- 
on inlet side t / 

3. Maximum capacity may/be. limited 
r 4. Preferably J imitecTto factors 
.below 1000 psi and 800°F 

5* Must, be mounted between flanges 

6. Installation of orifice and 
pressure connections must be< 
carefully m^de 


FLOW 


NOZZLE 


1. Handles 60% greater capacity 
than orifice * / 

2. Carv be welded into pipe line 

3. Costs less than Venturi tube 
but handl.es same capacities 

4. Used when piping layout 'not * 
suitable for orifice 


1, ~£bsts more than orifice 

2. Same unrecoverable head loss as 
orifice 

3/ Throat may foul up with pipe 
^ * scale or di rt 

4^ Pressure connections must be 
careful ly made 


VENTURI TUBE 


1„ Lowest* unrecoverable head loss 

2. Pressure connection are inte- 
gral part t of element . 

3, N Requires only short- length 'of 
•Straight pipe on. inlet side 

* 4, Best suited for measuring sol\ds* 
, 'in suspension 
5.-* Can be welded into line 


1. Highest original cost 

2. Higtj^st installation costs 

3. Not recommended for steam 
*" 4. Greatest weight and largest 

size f<fr given line size 

* 



fljRBINE FiOWME&R ' " ' . "•„. * , '' • 

A turbine flowmeter does not relyr on L any pressure differential but only 
upon movement of the fluid. It 1-s oneVf the -.most commonly u : sed flowmeters 
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in industry and the Military. 
The reason for this is that most 
turbine meters have an electrical 
output which makes them useful 
for providing remote indications 



FLOW 



Figure 15. Turbine flowmeter. 



while maintaining their accu- 
racy/ .Due to the type of elec- 
trical output that the turbine 
-flowmeter provides, connecting to 
computerized systems is very 
easy. (Figure 15) 

A turbine flowmeter consists 
of a« straight flow- Uibe^O(vtai^wg-a-turbine or other type -of rotor -that is- - 
free .to "revolve about the center line of the tube. The speed of rotation of 
the rotor is di rectly "proportional to the rate of flow of the fluid. The 
r&tation of the rotor is sensed magnetically in such a way that an electri- 
cal pulse* is generated each time a turbine blade passes a sensor; thus the 
output frequency of the flowmeter is directly proportional jto the rate of 
- flow of the fluid. c * 

Turbine flowmeters are known for their high degree of accuracy. They 
aj*e linear, devices', with good repeatability over wide flow ranges. The 
, major limitation to the>use of a turbine flowmeter is that the fluid be 
'*cl£an and nonporrrosive, dye to physical contact between the rotor and 
fluid. Pressure losses across the turbine meter can be larger than those 
experienced with the orifice plate. due to the amount of energy being ex- 
tracted from the system by turning the rotor. K ' 

Turbine, meter jcalibration is normally accomplished by inserting the 
meter Into a line whe*e actual* flow rate quantities- have been determined by , 
a secondary standard. The actual flow .quantities are used to calibrate or 
prepare a calibration .curve for the meter under test. A typical calibration 
loop is shown irr block diagram form in Figure 16. 7 N 



TEMPERATURE 
CONTROLLER 




Figure 16. " A;f Towmeter calibration lo'op. ' 



Thfe calibration loop 
shown in Figure 1.6, is known 
as a dump-weigh system and 
can be used to 'calibrate any 
liqirfd fldwmetefr This sys- 
tem is designed to^measure 
the^twne interval involved 
in, filling a tank-ta -a^gfe- 
set weight. The system 
offers the highest degree of 

accuracy (±0.2%) because 
> * . , ** 
both time interval Stnd . j 

weight can be measured £b 

very high tolerances, how- 

"ever 7 it is also e$ensive to 

construct and operate. 



MAGNETIC* FLOWMETERS * ^ 

Magnetic flowmeters are often used in, the water and. wastewater indus- 

tryr^The operating principal of magnetic. flowmeters is based on Faraday 

law of .induction, that states- the folj^ing:^ * X 

Voltage induceif across- a conductor as it moves at right angles 
- S magnetic field is proportional to the velocity of the conductor^ 

This principle is. the "b$sis iff operation of generators and altefnators. 
Thus, the magnetic flowmeter (Figure 17) is a modi fiett version of an a.c. 

generator. 

A magnetic field (B) in Figure 17 is produced by the magnetic eoils.^ 
The plane of the magnetic field is perpendicular to the flow a*is of the, 
pipe. A disk of flowtng fluid with a cross-sectio e nal artea equal to that of 
the pipe movgaJJlH)^^ and cuts it at a right angle. In' 

accordance with Eara day H 'law of induction, a voltage is induced into the 
disc of flowing fluid. The induced voltage (Es) is the total' of all volt- 
age developed' within each- segment of fluid passing through the magnetic 
field. "This isi determined by Equation 12;. 
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GNETIC COIL 




PIPE WITH 
FLOWING FLUID 



DI8C OF .FLOWING FLUID 
ACTING A8 A CONDUCTOR 



MAGNETIC COIL 
METERING ELECTRODES 

Figure 17. t Magnetic flowmeter.' 



BDV 



Equation 12 



where: • E s = the induced voltage. 

B = the strength of the magnej>£ field. 
. D = the diameter of the pipe. \ 
V = velocity. 

C = a dimensionless constant. 



The flowing fluid through 




ipe can^e thought of ajj constituting an 



infinite series of conductive discs^nam< through the magrtetic field. The 
greater the flow rate, the greater will bg -*the instantaneous value of signal 
voltage that is monitored at the meter^l4ctr6des. 

The field coil is energized by a ,J50-Rz* a.c. signal ; thus the induced 
voltage will have t^e same frequency. The; induced voltage is jneasured and 
scaled to represent a flow <$&ar}tity by the signal conditioner. The signal 
conditioner is an electroni^Junplifier system. 

The fluid to be m^asuned^fy magnetic flowmeters' must be conductive* in 
the order of 8 to 15 npf^rdfnhos per ^centimeter ojMerwth. TfHs /equipment ^ 
disqualifies the us($Wj£jfe* magnetic flowmeters Hyith petroleum products and 



some chemicals. 



ter. supply, industry is th» prime user^af the magnetic" 
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•flowmeter due- to the very low nonrecoverable head loss. Care must be exer- 
cised to ensure th^t the fluid passing 'through the magnetic flowmeter tube 
does not degrade^ the performance of the electrodes by corrosion or coating. 

The flow tube of the magnetic flowmeter can be mounted either horizon- 
tally 'or "Vertically as long v as the pipe is full of liquid at all times. 
Fluid characteristics such asVfscosity, density, and pressui^e pose no re- 
strictions on magnetic meteropplications. 

* * . ** 

Calibration of the magnetic flowmeter is sifnple and does not require 
the removal of .^rfy efement from the measurement system. A signal simulating 
various flow rates is fed into the signal conditioner and adjustments are 
made at that point stf^that the readout will agree with the known .input. 

The relationship between voltage and flow quantity- is 'derived from 
Equation 12 and shown in Equation 13. 

The velocity an^ flow equation is; * *~ . 



4_Q 
*D 2 



This *value\of V may be substituted into Equation 11: 

4 * • „; 

. . ' ' . , 1. E s - I (B0)(i& 

C irD 2 

' - • ■ ' 

This expression may be solved for Q: 



n = jrCD (£s ) 
4 B 



as it, C, and D are all constants: 



Q = K — 

B , 



where: a flow quantity. 

K = a constant. 
• E s and B = the same as explained in Equation 12. 



Equation 13 
\ 
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ULTRASONIC FLOWMETER 

The final major type of flow measuring device to be discussed in this 
module is the ultrasonic Doppler-efftfct flowmeter. The Doppler flowmeter 
determines the velocity of fluid in a pipe by detecting the frequency change 
of a signal of ultrasonic frequency that, has been injected into the fluid • 
flowing^ through a pipe. The frequency of the signal is altered by the 
motion of the fluid in ^the pipe and is proportional to fluid vel'ocity. 

The sensor-transducer utilizes twin piezoelectric crystals that are 
located in a pipe. One is for transmitting the ultrasonic signal, whereas 
the other is for detecting' the reflected signal, ' » 

The principle of operation is based on the Doppler effect which states 
the follcfwipg: . The frequency of a sound wave is shifted in frequency pro- 
portional to the velocity of the medium through which the wave is travel- 
ing. The ultrasonic wave, injected into the flowing*, fluid is pafttiallj re- 
flected by small bubbles or other particles in the flowing fluia. As the 
reflectors are traveling at the same velocity as the fluid, the frequency of 

the reflected wave will be shifted. The. frequency of the reflected waveform 

to 

(Doppler frequency) is a linear function of the flow velocity and the physi- 
cal characteristics of the flow system that are constant. ' 

Operation of the uitrasbnic flowmeter is dependent upon air bubbles or 
small suspended solids in the liquid. If these are not present, the trans- 
mitter signal will not be reflected back to the receiver. Pipes with poor 
or marginal ultrasonic transmission abiTity cannot be used with these flow- 
meters. Concrete" pipes or badly corroded metals cannot be used. 

The accuracy of flow measurement by ultrasonic flowmeter applications 

is about 2-5% of full-scale flow values, depending upon calibration and 

application techniques. There is no pressure drop encountered in this type 
» 

of flaw measurement since there are no obstructions within the flow line. 
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A major advantage to ultrasonic flowmeters is the relative ease of 
installation and removal of tbe sensing and transmitting crystals that are 
simply attached to the external wall of a pipe. Figure 18 ^hows an 
application involving an ultrasonic type of flow measurement. 



MJ08LE8 Oft SUSPEND PARTIC LE S 



OMITTED SIGNAL 
REFLECTED SIGNAL WITH DIFFERENT FREQUENCY 



FLOWING 
FLUID 





KfipIT%ize 2" TO 

CEWER 



42 A NO HIGHER 



RECE1V 

ANfSDUCER - 8EN80R HEAD 



TRANSMITTED 4-20 mA 8GALE0 SIGNAL PROPORTIONAL TO FLOW 
METER FOR LOCAL INDICATION* 



Figure .18. Ultrasonic flowmeter. 

The flow measuring techniques discussed in this module *are the major 
types used in modern industrial flow applications. Other types are Njsed, 
but they^are used for special applications and are not of major signifi- 
cance. Several head-type primary devices are used in specific applications, 
but conform to the general equation used with the orifice meter covered in 
this module. Open-channel flow measurement techniques employ flumes and 
wires as head producers and l^vel devices to measure the head loss that is 
proportional to flow.' These are being replaced with magnetic meters in the 
water industries, 'but, they are still used in industries where it is not con- 
venient to route the flowing fluid through pipes. Pitot tubes, insertion ( 
meters, Vortex shedding, positive displacement, and mass flow measurement 
instruments are used to a limited extent for special applications. The 
operation' of most of these devices is outlined ,and discussed in the mate- 
rials designed in the Reference section of this module. 
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EXERCISES . ; 

Tl¥ 1 Q = CA V2gh is given as the^basic expression for a change in'pre^ure 
head measured by a head-type flowmeter. 

a. Why is this called a square-root relationship? 

b. If flow rate is doubled and all other variables remain constant, 
how is pressure head changed? 

c. Identify each function in the above equation. 

2. Describe and sketch" three principal types of differential-pressure 
flowmeters; give advantages and disadvantages of each. 

3. Sketch and discuss a typical differential-pressure transducer- of the 
force-balance type. 

4. ^ Given: 10-inch I.D. stainless steel* pipe; average flow of 10 ft/sec of 

500°F water; orifice plate D 0 /Di = 0;8. 

V 

Find: Volumetric and mass flow rates. 

5. Given: 8-irich (nominal Schedule 40) pipe; 70°F water flow; orifice 

I.D. = 5 inch, Reynolds No. = 3000. 
Find: Differential pressure, versus flow (similar to Example A) for 
the following; 
a. Square-edged orifice. 
1 b. Venturi tube. 

4 

c. Flow nozzle. 

LABORATORY MATERIALS - - \ 

• • c 

1 series coupling (orifice plate and venturi tube) in horizontal length with 
associated scaled ,(water) manometers anc( connections at .proper tap 
» location commercial classroom apparatus is recommended.) 
1 water supnply, with .variable flow valve and assured constant 'f^ow rate. 
1 cal ibratera ejection (weighing) tank. ' — . < 1 • ; 

'SpecificatWsheet on orifice plate and venturi tube to be used. 
Adequate fengbv^f straight pipe, upstream from" each meter. 
1 stopwatch. \ ( 

I . ■ ' ' - ' 
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LABORATORY PROCEDURES 



If avai lable,' this procedure should be performed with a commercial 
classroom flowmetering device. 
1. Assemble orifice plate, venturi tube, piping and manometers as shown in 

Figure 19, Be sure to follow vendors instructions. 



2. 



3. 
4. 
5. 



RETURN VALVE 



FtOW 




COLLECTION VALVE 



A 



CLEAR PLASTIC TU8ES 
(MANOMETERS) MOUNTED 
ON LAReC BOARD WITH 
YARD STICKS ATTACHED 



FLOW CONTROL I— 
VALVE 



FLOW 



WENTORI 

•SUPPLY TANK ORIFICE 'PLATES 

Figure 19. Flowmetering device. 

Open. control valve and return vaWe; allow water to flow to clear "air. 
pockets and sweep out babbles; close control valve gradually to subj.ect 
meter'to increased pressure; when water level has risen to a convenient 

height in manometers, close supply valve. r 

m * 

Level the manometer water column; open control valve to obtain a rea- 
sonably large Ah. ' 

Measure pressure drops on meters (take at least 10 re|dings each); re- 
cord readings on Data Table 1 (a and b). 
Note and record pressure Itfsses through metering system. 
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6. Use vendor-furnished discharge coefficients from specification sheets; 
calculate flow rates through flowmeters. - 

7. ^Explain any>differences. 

CALIBRATE ORIflCE MEJER AND DETERMINE ORIFICE COEFFICIENT 

1. Arrange brifjce meter in manner illustrated above. (Beyond control 
valve, a flexible hose should Vead to a measuring tank^J 

2. Admit water from supply valve, into meter. 

3. To establish orifice coefficient, obtain variations (hi - hz) with dis 
charge rate Q: open control and supply valves (to clear out air bub- 
bles and pockets); gradually close contrdl valve to subject meter to 
increased ^pressure; when water has risen to convenient heights in 
manometers, close supply valve; open supply and control valves to ob- 
tain flow. 

4. Measure the flofy rate (collect in weighing tank and take Ah readings); 

take, approximately 10 Ah readings; record readings on Data Table 2; 

average flow rate. • - - 

* 

5. * '-Adjust flow and repeat 4, above. 

6. Plot; on the charts provided, a D.P. versus flow curVe; calculate ori- 
fice coefficient: 



Q = C A 2 mihjiM 



4 



7. • Plot, on charts provided, variation of C with Q. 

8. What would be the effect, on results if piping were not level? 

9. Discuss difference" between calculated C and empirical value? 



Page 34/IC-03 . " 



I OS 



DATA TABLES 



DATA TABLE 1. MEASURE OF tJRIFlCE AND VENTURI PRESSURE DROPS, 



Orifice Plate: I.D. 
C 0 

Venturi Tuber I.D. 
Cv = _ 



Inches, Area 
inches, Area 



sq in, Discharge coefficient 
sq in, Discharge coefficient 



Pipe: I.D. 



inches, Area 1 



sq in 



Reading 
No.' 

- 


A Orifice Meter . B Venturi Meter 


% Differ- 
ence oe- 
tween A $ B 


hi 
[inches) 


h' 2 

(inches) 


Qo ' 

(ftVsec) 


A. 

(inches) 


'h 2 
(inches) 


Qv" 

(ft 3 /sec) 


,1 
















2 
















3 
















4 










; * 




> 


5 












t 1 


♦ 


6 
















7 
















8 
















9 
















10 




s. 












Average 
















% Difference between A i B =*| - Qv 
' Are, • '<'-"-' 2 

' o = ca 2 I^JhZinL ^ 
Y V Ci - (a 2 /Ai) 2 ] - 


! x 100 t 

• 

\ 
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DATA TABLE. 2. CALIBRATION OF ORIFICE PLATE. 



Orifice Plate- I.D. 
Pipe I.D. 



Area. 



Area ' 



Weight 
lbf 



t 

sec 



.hi 

inches 



h 2 
inches 



ft7sec 



(hi - h 2 ) 
inches 



(hi - h 2 ) 1 / ? " 
(inches)' 1 / 2 * 
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PLOT OF (hi - h 2 )V 2 vs. Q 



0.4 



hi 

5 

Z 



.CM 



CM 
JZ 



0.3 



0.2 



<T 0.1 < 



0.0 ' 





/ 


































a_ 




































• 




< 
























* * 










































































4 







q; ft 3 



sec 



v 
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VALUES OF "C" CALCULATED FROM INDIVIDUAL FLOWS" ' 



Q . 
ft 3 /sec 


. (Hi - ha). 1 / 2 ; 
v (inches) 1 / 2 


* » * 

; -c 




c 


c 


• 

• 


I ' 




I 




c 




— ^ 


• 

^- : r 


» 




" — - 


» * 


. ^ ^ / 


7 — ~ 




J 






f 

* > • 


4 










• 








c 


• 


1 1 ! 1 

<* * 


I 

t 






! 
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VARIATION OF C WITH Q 



« 



1.0 



0.9 



1.0 . 2.0. 

Q. f* 3 /sec 



3.0 



4.0 



• 5 



/ 
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TEST V 
INSTRUMENTATION *ND CONTROLS 
Module IC-03 
"Fluid Flow Measurement" 



■ ERIC 




108 



- 3. 

' 1 



•Define the '.following', inbtuding'assfghed units 'where applicable^ 
^a; • Dis'cfiaYae^coef f Iciest, ■ „ I a\ ? - ' '...'* 

b. Diameter ratio.^ . , . \ *. . * . • . ; v * , 

*,c: *« Reynplds tnumben; * . ' . • * * , * ^ > ? 

/ 'd. Japs. . * 
'e'i , 'THiro^t a.rfea. 
*f;/ Streamliners; 
List and explain operating principles, descriptions, characteristics, 
and applicability of three differential -pressure sensing. flowmeters. 
Discuss flow measurement secondary elements (transducers).' 
t Discuss the hierarchy of fli!)w calibration and standards up to'NBS- 
standards. * 



5. - Relate the hierarchy of flow calibration and standards to the <ASME 
standard design requirements. 
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INTRODUCTION 



f^Teijperature measurement and conti^crK processes are important not only to 
the process an? man ufaptu ring industries, but they have an important effect 
. :J ^^everydai^l1fe.* Automobiles have systems that both monitor and control 
> temperature.*^* Temperature control systems are also present in furnaces, 

^ water heaters, sto^es^ ovens*, and other appliances. 'Most of these applica- 
V .*tiqns„3 re ! based on a few measuring principles that are Common to many Indus- 

* tr1aVafl|*icatio"n^ 

* * "V 

. s A common temperature measurement application includes the expansion and 
contraction of fluids and metals as a result of temperature variations. The 
distortion of metal strips and pressure changes of fluids are the result of 
changes in volume and size that correspond to temperature fluctuations. 
This process provides the basis of ^temperature measurement. Changes in 
electrical quantities that are brought about by corresponding temperature 
variations also provide the ba'sis of operation for an important class of 
temperature measuring devices. 

: 1 __ PREREQUISITES 

j * * 3 

Tme student should have basic understanding of algebra and physics and 
should rva ^e c ompleted Modules IC-01, IC-0£, and IC-03 of Instrumentation and 
\ Controls. 



OBJECTIVES 
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Upon completion of this module^ the student should be able to: 

1. Explain the principle of temperature measurement by a filled thermal 
^ system. c 

2. List and define four classes of filled thermal., systems. 

3. Define the term "inferential measurement" and explain why temperature 
measurement i,s based on this principle. * ^ 
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4. Explain the operating principle of the following types of electrical 
N temperature measurinq devices: 

a. Thermocouple* 

b. Resistance (RTD). , 

c. Optical. 

5. List common applications of the above mentioned temperature measuring 
devices. 

6. By use of standard calibrating procedures, explain the means by which 
calibration is achieved for the devices listed above. 

7. List some commonly used temperature scales and explain how they relate 
to one .another. 
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TEMPERATURE SCALES 

Temperature is a quantitative measure of the hotness or coldness of an 
object. ,The relative hotness or coldness of an object, as measured by its 
temperature, simply indicates in which| direction heat will flow. Physical 
laws state that heat will always flow f^om a hotter body to a dolder body, 
regardless of the masses of the two bodies. Temperature is an indication of 
the relative amount contained by a body. .If a body gets hotter (higher tem- 
perature), it has received more heat; if it gets cooler, it has lost heat. 

Heat is a form of energy. A hot body has more internal energy than an 
identical colder body. However, it does not follow that two bodies at the 
same temperature have the same energy. It is obvious that a cup of sea 
water does not have near the internal energy of the ocean, even when both 
are at the same temperature. 

Temperature is an arbitrary measure that has been contrived by man- 
kind* Things are judged to be hot or cold as a function of his environ- 
ment. For example a hot day for a person living in North Dakota might be a 
cool day for a person living in Texas. Things that have .a* Higher tempera- ' 
ture than our body are jucfged to be warm, while things that ^vKlower tem- 
peratures than our body seem to be cool. Relative nteasure of| tempera ture j is^ 
unsatisfactory in a technological society, therefore we need Quantitative 
temperature scales. tt * • ! 

Fdr a temperature scale to be quantitative we need to be Sure that the 
scale is convenient to use andos capable of being periodically redefined. 
The need for quantitative temperature measure was recognized in the early 
1700? when the first of the four commonly used temperature 'scales of today 
were invented. The names and characteristics of the four temperature scales 
are: . t 

• Centigrade (°C). ' 

• Kelvin, (absolute centigrade*) (K) . 

• Fahrenheit (°F). . 

• Rankine (absolute Fahrenheit)(°R). - f 

Figure 1 is a representation of corresponding points oh the four scales. " 
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LIQUID— FILLED TUBES FOR TEMPERATURE MEASUREMENT 

J 73 y_ £_12._ kl 6 7 2 



ft 



WATER yiOO_ 

BOILS 



8 



WATER 

FREEZE8 



A8 80LUTE 
ZERO 



»OINT. HA 8 NOfc 
ON THE C OF; 



.0 




l27 3_ 



JI3 

yj3NIQQAH£p_E 
K SCALE I 

I 




35* 



32 



-460 





492 



a. Cantlgrada °C b. Killin K o. Fahranhait °F d. Rankin* °R 

Figure'l. Corresponding points on temperature scales. 

f * \ 

As can be seen from figure 1, temperature conversion from one poipt to a 
corresponding point on the absolute scale for another particulsr\scale can 
be accomplished by adding or subtracting values: -0°C = 273 K and 0°F = . 
460°R., Therefore, the si 2fe of an individual degree on the centigrade scale 
is equal tto a degree on 'the Kelvin scale. This is Ijso true between^ the 
Fahrenheit- and Ranking scales. However, 'ccinversion between °C and °F is a 
different matter. The degrees on these scales do not represent the same 
amount of . heat quantity. One hundred degrees on the centigrade scale (100° 
- Q 6 ) represents thg same amount of temperature as 180° (212 - 32) on the 
Fahrenheit .scale, thus 1C° - 1.8F 0 .* The following equations can be used to 
convert- fpem one temperature scale to aw>tJjer. 



*A convention observed in science and technology is -that when the degree 
symbol (°) preceeds .the stale symbol (F, C, or R) that the number represents 
a position on the scale. If the degree symbol follows the scale ^symbol then 
the number represents a temperature interval (difference between the actual 
temperature values). Thus, 10°F means a temperature measure and 10F° means 
arxemperature difference of 10 degrees between two temperature measures. 
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K = °C + 273 - Equation 1 

°R = °F + 460^ Equation 2 

o C = (° F ; 32) £ S S (op _ 32 Equation 3 
1.8 9 

^ . » fF = 1.8°G +32 (= 4 °C + 32) Equation 4 

' ' \ 5 • 



EXAMPLE A: CORRESPONDING TEMPERATURES. 



Given: 


The temperature of a material 


is 40°C. • 


Find: 


The corresponding temperature 


on the other temperature scales. 


Solution: 


From Equation 1: \ 
K = °C + 273 — . 
■ 40° C + 273 






». 313- K. 


• 




From ^Equation 4: * 


* 




f = 1J8 (°C) + 32 


s 




= 1.8 (40). +32 






. = 104 o Fl 

From Equation 2: 
°R ■'°F + 460 - 






= ;04° + 460 ' V ' • 
= 564°R 





^ TEMPERATURE MEASUREMENT" 

As with most other measurements, the measurement of temperature / re- 
quires the atliziation of a transducer to change the heat energy of the me-* 
dium being measured Into a more usefifl form.. Transducers for 'the measure- 
nient of temperature are of two broad types: electrical and, mechanical • 



? 
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.electrical transducers conv^yt heat energy into electrical energy or elec- 
trical properties. Mechanical transducers convert, energy fnto mechanical 4 
motion or pressure; which is then converted to motion. Temperature measure- 
ment is auch*eved by inferential means; that is, the' measurement results from 
a secondary effect Qf temperature. 

Temperature is a measurement t)f the motion or the activity* of mole- 
cules. The molecular motion, which is directly proportional to temperature, 
results in some change ^to the transducer in physical Contact with the medium 
to be measured. The variation in molecular activity results in the trans- 
ducer response to a temperature variation. The transducer produces energy 
that initiates a measured response (output) that is scaled and related to 
temperature. 

Temperature measurement in the filled glass tubes (glass then)tometers)' 
in Figure 1 results from the change in molecufar- activity in the liquvd in 
the bulb. An increase in temperature increases the*molecular activity >t 
the liquid aqd causes it to expand or increase its volume. This produces a 
movement in the liquid surface which infers a corresponding temperature* 
value. Temperature transducers are shown in Figure* 2. 



3 



EAT 



ENERGY 



ELECTRICAL 
TEMPERATURE 
TRANSDUCER 



MEASUREMENT RESULTING IN A 
CHANGE IN ELECTRICAL PROPERTIES 



HEAT 



ENERGY 



MECHANICAL 
TEMPERATURES 
TRANSDUCER 



\ 1 

MEASUREMENT RESULTING IN' CHANGE 
IN MECHANICAL PROPERTIES 



Figure '2. Electrical and mechanical energy transducers. 

ELECTRICAL TEMPERATURE TRANSDUCERS 

Thermocouples? -are electrically operated devices capable of measuring 
temperature, a few hundred degrees .below zero to several thousand degrees 

L 

above zero. Thermistor and resistance elements ^a re alsa used for tempera- 
ture measurement. They are used with a bridge circuit to measure very small 
changes in temperature. 
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Thermocouples x *~ * „ • 4. 

— * 

Thermocouples are constructed by connecting two dissimilar metals 
together and measuriaS the voltage produced when the ends are at different 
temperatures. Figure 3 iflustrates a thermocouplejpplication. The point 
at which the two wires are connected is called the, measuring, or. "hot," 
junction. The other end of the wires, .the point at which the voltage is 
measured, is called the reference, or "cold," junction. Thermocouples operj 
ate* on the' following principle: A very small voltage is generated when the; 

ftr | 

two junctions are at different temperatures and the voltage is directly prof- 

» 4 m 

portional to ttie temperature, difference. l - 



REFEREENCE 
JUNCTION,-- ——r? 




IRON 




MEASURING 
JUNCTION 



t 



: . CON8TANTAN 

'Figure 3. Thermocouple^ appl icatiion. 
The metal, or metal allow, used for wire construction -has an exact 



relationship between temperature and yoltage that is listed in tables sup- 
plied by thermocouple manufacturers. Tables are required for EMF-rtemperja- 
ture cQmfersion" because tHe relationship is not linear. " The amount- of Volt- 
age generated for a given temperature (EMF/°F) increases with temperature.' 
Typical tihermocoyple^pairs and some of their characteristics are listed jn 

— k . 



Table 1. 



' .TABLE THERMOCOUPLE PAIRS. 


« 

Abbreviations Used 
In Conversion Tables 


* ^ LSA 
Symbol 


Conductor Pblari 


ty and Color 


+ 




I/C 
C/A 
C/C 

CR/jC; • 


_J 
' K 
T ■ 
E* 


Iron-white- 4 
Chrome 1 -white 
Copper-blue 
Chromel -yellow 


£ortstantan-red 
Alumel-red 
Constantan-red 
Constantan-red 
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Thermocouple tables lisVthe EMP values^f ^different the 
the temperature normally in increments of. 5°. For these values, 
' ence junction is assumed to be at a rel 
• N 32°F or 0°C. % ^ . v 
75°F or 25°C. 

Since the EMF measured at the' reference junction is^a function „of the 
temperature difference of the two junctions,; a change in temperature at 
either junction is maintained at & constant temper^ure - 32*F, 25°C, and^so 
forth - in most laboratory applications* However, this practice is not - 
feasible in most process applications'* Reference junction temperature com- 
pensation is required in most prrffcess applications. Thfe need for this- will 
be better understood by the use of Examples B atic^ C: ^ 



EXAMPLE B: TEMPERATURE OF MEASURING JUNCTION. 



Given: The EMF, as measured at the measuring junction of a thermocouple, t 

is 7 mV. ■ * • » - • 

The thermocouple is type 

The reference junction fs'25°C* . • 
Find: The , temperature of the measuring junction. ^ 
Solution: Using'a thermocouple tabTe based Qn a 25°C reference temperature, 

the temperatlire value corresponding to 7 mV for a type J thermo- 
u coupje is 155°C, • 



\ 



EXAMPLE C:, TEMPERATURE'OF -MEASURING JUNCTION. 



Given: 



Find: 



The EMF, as measureiat the reference junction of ^thermocouple, 
is 8.50 millivolts* - ^ ^ 

The thermocouple is a type T. * * * * 

The reference junction is at 35*C. 

The true temperature of th# measur/ing, junction. * , . 
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Solution: 



According to a thermocouple table based on 0°C as the reference a 
T type thermocouple wou I'd have an'output^of 1.0 millivolts (mV) if 
.its reference Junction were at 0°F and its hot junction were at 
•the reference junction temperature of 35°C. 

• According to procedures recommended by the National Bureau of 
Standard's the correct .temperature would be determined by the for- 



mula: 



where: 



E t r^ r + Em .- 

E t ='EMF of ahermocouple if reference junction is at.0°C 
and the hot junction is 0t the measured temperature. 
E p = EMF'of thermocouple if reference junction is at 0°C 
. and the hat junction were at tjie actual reference 
junction temperature. 
E m = t^e actual measured output EMF of the thermocouple. 



Thus 




ei.£/iiV) + (8. v 5 mV) 



and, re 
finding 
ture of 



=\9.5 mV v \ % / 

to the s^me set. of reference tables results in 
that 9.5 mV corresponds to an actual hot junction tempera- 
204.0°C. * C 



Example C shows hoW a measurement based on one' reference can be changed 
to another 'reference. The tables are 'formulated based on data obtained by 
maintaining the reference junction at an exact tem'perature^levating or 
decreasing the measuring juncti-on temperature, to an exact .measured value,' 
and reading and recording the corresponding millivolt, value. . - 

The material used to make %He thermocouple, the type of insulator uVed 
to separate the.wires, and the method. used to connect the e 0 ds that form the 
measuring junction depend .upon the. applications. Copper constantan thermo- 
. couples' are used for temperature ranges' of -310°? to"662°F. The mV output > 
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isj^latively high for this type of thermocouple; *but it is erratic at - 
higher temperatures and will suffer from deterioration, iron constantan 
is favorable for applications in the lower temperature ranges because it is 
relatively inexpensive and Iras excellent output .voltage; but it also deteri- 
^orates (because of the oxidation of iron) at higher temperatures. Ttfermo- 

• couples made of platinum and'^ platinum-rhodium alloy have t*e broadest 
range (0°C to 1700°C) and are used as a secondary standard in thermocouple 
calibration. The platinum/platinum-rhodium thermocouple demonstrates, the 

* least change of output EMF per degree of temperature over its range. The ^ 
frrajor disadvantages of this type of thermocouple is 4 that it is -expensive and 
has a'*EMF output per degree of temperature that is only 1/3 -of, a type K 
(chromel/alumel ) thermocouple. * ; / 



Thermdcouple Applications 

"* Temperature measurement by thermocouples is a comrpon application in 
industrial- facilities. Figure 4 shows such an application. The thermo- 
couple lead wires are used in such a way that the reference junction is 
established -at ihe millivolt measuring instrument where electrical reference 

viunetion compensation is provided. Thermocouple lead wires can be connected 
to another material, such as copper wire, if care is taken to see that the 

'same temperature exists at both jconnections. Iir modern thermocouple readout 
instruments k the reference junction is unnecessary due to the electrical pom- 
pens^ation as shown in Figure. 4* Instruments are available that will provide^ 
a readout je'ither digitally or by a'/neter of ^temperature measurement. For 



\ 
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ZERO REFERENCE 
COMPENSATOR 



. MILLIVOLT 
MEASUREMENT 
DEVICE 



TEMPERATURE 
READOUT 
DEVICE 



THERMOCOUPLE 
THERMO-WELL 



LEADS 

IX 




Yemperature 
measurement 
instrument 



SIGNAL 
CONDITIONER 



"TMEAJUREMENT JUNCTION 

Figure 4. Thermocouple measurement system. 



high temperature applications, the thermocouple is constructed from large 
wire. - size 10 or 12. * The thermocouple lead wire can be much smaller - size 
16 or ltf. The larger thermocuple wire size could be connected to the mea- 
soring instrument; but- the smal ler, wire .size is easier to handle and reduces 
installation costs. , 

Read-Out Device (Millivolt Measurement) . < L , 

/Instruments used to measure thermocouple output voltage must be sensi- 
tive and acurate with good resOlbtion. 'Th^range of millivolt values^for 
0-400°F, for example, is about 10-15 mV, depending upon the type of thermo- 
couple used. A self-balancing potentiometer tias.been the most popular 
millivolt measuring instrument .used in industrial applications but is grad- 
ually being replaced by. other types of electronic measuring devices. The 
thermocouple measuring instrument must not' draw excessive amounts of current* 
fh>m thef.supply source (the thermocouple) 'because this could result in Volt- 
age drops (IR losses) in the lead wire.' This occurrence would present.a 
problem only in small lead wire' arid for long transmission distances. 

Many temperature scalfes for millivolt measuring thermocouple instru- 
ments are slightly nonlinear. This is because the instruments respond Tin- 
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early with jJ^Jlivolt inputs, and the relationship between temperature and 
millivolt values aVe nonlinear. 



Thermocouple -Reference J u n c t i ^-Go mpgjtsatI^>n 



Temperature measurement' errors caused by variations in reference junc- 
tion temperatures, if uncompensated, can be severe if the reference junction 
temperature appcoaches' the measured valde. For a measured temperature rar\ge 
of 100 F, a Variation of reference junction temperature of 5° could cause an 
^error in temperature measurement of.yp to 30% - depending on thermocouple 

type. For a measured temperature range of 1000°, the same variation in 

> 

reference junction temperature, with the same thermocouple would be 11%. 

Perhaps the simplest means to ovef come the error caused by changes in 
reference* junction temperature is .to mainU|1r> that temperature at the refer- 
ence value* This is done in some applications, but it is npt done i,n most 
cases. Instead'of this approach, the compensation is done electrically at 
the measuring' instruments- 



Special Thermocouple Applications 



It is sometimes advantageous to measure a temperature that is the 
average oT two or more values. Thermocouples a"re .connected^ in a parallel 
arrangement for this application -'a technique which is showrTin Figure 5. 
For the measurement of average temperature (Figure 5), the same type. of 
thermocouples must be used. These thermocouples must be about equal in . 
re^taoCB, and'the same size of thermocouple extension wire must be used. 
Because .the resistance of a thermocouple is temperature-dependent, swapping 
resistors with values that are high compared to the resistance change can be 
used in the' circuit, as shown in Figure 5. Resistance values of about 1500 
'ohms can be used as swamping resistors. ~ ; 
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REFERENCE JUNCTION- 



MEASURING INSTRUMENT 




IU 
DC 

g 

DC 
IU 

a 



m 

cc 

< 

CC 
IU 

a 
ui 



TEMPERATURE 
MEASUREMENT 
18 THE AVERAGE 
OF A, B, AND C 



"MEASURING JUNCTION' 



Figure 5» Average temperature measurement with a thermocouple. 



Another pppli cation involving thermocouples is'that of measuring a tern- 
perature difference between two values. Thermocouples are connected in 
series dpposition; as. shown in Figure 6, Just as witht^mperature averaging 
applications, they 'must be of the same type. The output of one thermocouple 
is subtracted f rok the other^so tPhat the voltage applied* to the measuring 
instrument is the difference between the two, 

^ y 

MILLlVOLf MEASUREMENT- 
THERMOCOUPLE LEAD WIRE-^^ 4" 

THERMOCOUPLE 
CONNECTING BLOCK (HEAD) 



.ERLC 




Figure ft. Differential temperature measurement with thermocouples. 
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RESISTANCE-TEMPERATURE DEVICES (RTD) 

Many conductors change resistance when they undergo a change in temper- 
ature* This* characteristic enables them to be used in temperature measure- 
ment- Such devices are caUed resistance-temperature devices (RTDs) . There 

♦ 

are two basic RTD groups - thermistors and conductors. 

Thermistors are small semiconductor devices that have a negative tem- 
perature-resistance coefficient; that is, their resistance decreases with an 
increasejn temperature. Conductors, on the other hand, increase in resis-* 
tance values with temperature increases,, 

RTDs, thermistors, and conductors are commercially available with cor- 
responding curves or tables that give the resistance-temperature character- 
istics. Temperature values can then be inferred from resistance values. 
Resistance measurement, using, RTDs, is normally made with Wheatstorie bridge 
circuits. Accurate temperature ^measurements can be made when using such 
bridge circuits (Figure 7). Temperature measurements can be made by balanc- 
ing the bridge with R3 for a certain value of R^ corresponding to a tempera- 
ture. The value of Ri+ is then determined by the following formula: 



R, = *1 (R 3 ) 
Ri 



Equation 5 



BRIDGE 
VOLTAGE 8UPPLY 



VOLTASE** 
M MEASUREMENT 

A. 




rtd in temperature 
environment to be 
Measured 



CUP LEADS CONNECTING 
THE RTD TO THE BRIDGE 
CIRCUIT 



Figure 7, Bridge circuit for temperature measurement with a RTD. 
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The temperature of Ri* is determined by the use of a resistance^-temperature 
table or curve for the RTD iteed. • 

Another, and more common, method of temperature measurement with the 
circuit shown in Figure 7 is to plot the voltage values of the bridge unbal- 
ance caused \>y corresponding measured temperature values. The scale of the 
bridge measuring instrument can then be calibrated to read temperature. 

OPTICAL TEMPERATURE MEASUREMENT ^ . . 

Electrical and mechanical* temperature-measuring devices comprise the 
bulk of all industrial temperaturfe-measuring systems used in industry. They 
are used in applications where it is feasible. However, these devices are 
contact temperature devices^ and they must be subjected to the same tempera- 
ture as that which is to be measured. The upper limit of contact tempera- 
ture measurement is about 3000°F since, "beyond this temperature value, most 
metals and othSr material s' used as transducers tend to become unstable. For 
such high temperature applications, noncontact temperature transducers have 
been developed. The most common is the optical jjyrometer . 

The principle of operation of optical temperatiire measurement is based 
on the relationship between light enfergy and*the wavelength that is a func- 
tion of the temperature of the object from which the light is emitted. When 
metals are headed to high temperatures, they emit'light in the visible spec- 
trum, beginning with a dull red and progressing through brighter reds to 
almost white at higher temperatures. In addition, clay, glass, sand, and 
other solids-emit light energy that is not in the visible range. Their • 
wavelengths vary with the temperature of the object. 

Optical pyrometers compare the color and brightness of an object with 
those of a heated tungsten filament. The objective lens fCrms an image of 
the hot source in the plane of the filament of an incandescent bulb. The 
current to the bulb filament is adjusted until the light emitted by the 
filament is the same color as that emitted by the hot source as detected by 
the operator. The unknown temperature is then, determined by referring to a 
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calibration curve that relates temperature to bulb current or resistance ad- 
justed to produce tKe Current. 

It should be understood ±hat the accuracy of the pyrometers, among 
other factors, depends on the degree to which an exact amount of current in 
the reference tungsten filament can be measured and controlled. The poten- 
tiometric method of current measurement is often used for this purpose. 
Empirical calibration can also be used. Such a method consists of matching 
the briqjitness of the filament against that of a hot substance that has a 
known temperature. 

Optical pyrometers" are used to measure high temperatures. Although 
they are more expensive than "manyc other forms of temRe^at_uIleJ^easlI^fimeatL, , - - 
their, use is^sti^jed in many applications. Optical pyropieters were once 
used strictly for measurement in open-loop control systems; however, closed- 
loop control devices utilizing optical pyrometers as primary elements are 
now in use. The accuracy' of these devicescan approach that of other forms 
of temperature measurement in higher temperature ranges. 

•* 

MECHANICAL TEMPERATURE TRANSDUCERS 

As previously mentioned e mechanical transducers transform heat energy 
into mechanical movement or motion. Filled thermal systems are the most 
common type of mechanical temperature transducer. 

'The principle of operation of the filled system is based on the changg^ 
in volume. of a fluid that is a result of a change in temperature. The sys- 
tem is sealed with a filled fluid which, when undergoing a temperature 
variation, produces a volume change caused by expansion or contraction. 
Figure 8 shows a filled- thermal system used for temperature? measurement. 
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PRESSURE ELEMENT . 
USUALLY A BOURDON 
"C" TUBE 
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GRADUATED TEMPERATURE SCALE 
WITH FULL SCALE RANGE UP TO 
A FEW< THOUSAND DEGREES 
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TEMPERATURE PROCE88 
TEMPERATURE. BULB 




Figure 8, Temperature measurement with a f 11 led thermal system. 

FILLED THERMAL SYSTEMS 

Filled systems are classified in accordance with the type o^fi 11 mate * 
rial that is used. The four general classes are listed below: 
^ • Class I - liquid filled thermometers (except mercyry). 

• Class II - vapor-pressure thermometers. 
Class* III - gas pressure thermometers. 

• Class V - -mercury filled thermometers. 

• An earlier system designated CUss IV is no longer in use. ' 

The earlier components of a filled thermal system (as shown in Figure 
8) consist of the following: 

1. Ajnetallfc bulb filled with a fluid that undergoes vol" m s or pressure 
changes in response to temperature changes. 

2. Capillary tubing, tubing that has an I.D. «0.D., that connects the 
bulb to the indicating device. 

3. An indicating device, usually a pressure element^ that produces a 

° scaled measurement in response to the change in temperature at the 
bulb. * • 

4. Compensating elements to correct for ambient temperature variations. 
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Filled temperature systems are used in industrial processes because of 
-the many advantages they of'ffer over other temperature-measuring systems* 

They are* easy to^-manufacture, they require little maintenance, aid, while 
/hot as accurate as spme other devices, they are accurate enough for most in- 

dustrial processes* A failure in any part of the components, however, ren- 

ders the complete system inoperative* 

'o the transmission 'distance, which is limited by the maximum length of 
the capillary tube- to about 100 ft, essentially makes a filled system a 
rertipte measuring.br controlling device* However, filled systems are used as 
transducers in trnasmitters when the pressure element is used to generate a 
scaled signal for transmission* Fcfr pneumatic signals, a^ flipper is posi- 
tioned in relationship to a nozzle. Fo^ electrical transmission, an iron 
slug is positioned in * LVDT* This application is illustrated by the tem- 
perature control system shown in figure 9 and the block diagram in Figure" 
10* " ^ 



CONTROLLER OUTPUT RECOBDH^NTROLLER 
3-15 P81Q \ * 



SET POINT 



Hair supply 




TEMPERA- 



TRANS- 
MITTER 



THERMOWELL ,TO;PROTECT 
TH6 TEMPERATURE BULB 

U U UUUUUI HEATED PRODUCT 13 UT OF EXCHANGER 
COLD V yATER* 



Figure 9* Temperature-dontrol led process usitfg a fiHed thermal system 
as the tran?dflfeer in the transmitter.* 



Page 18/IC-04 



128 



CAPILLARY TUBE- 
UP TO SEVERAL FEET 
IN LENGTH 



CONTROLLER INPUT 
FROM TRANSMITTER OUTPUT - 
A SCALED SIGNAL TRANSMITTED 
UP .TO SEVERAL THOUSAND FEET 



PROCESS 


\ 


TRANSMITTER 


/ 


CONTROLLER 

















7 
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IN THE PROCESS 



CONTROLLER OUTPUT - FEEDBACK 
LINK TO PROCESS IN A CENTRALLY 
LOCATED CONTROL HOUSE 



Figure 10. "Block diagram of a temperature control )system.. 

Capillary Tufces of the Filled System 

The capillary tubes of the filled system are connecting tubes that are 
usually made' of steel or alloy. They are chosen for their inherent charac- 
teristics in relation to the fluid used in the system. The temperature buJb 
and associated pressure element must also be selected for their compati- 
bility with the system flu'id. In high temperature applications, pressure 
inside the tube and bulb may reach a few thousand psig; therefore, a pres- 
,sure element must be capable of withstanding this pressure. Capillaries , 
must also be selected in accordance with temperature and corresponding pres- 
sure ranges. The inside diameter of the capi llary 'tubing* is small, usually 
about 0.025 inches; therefore, the volume of fluid contained within the tube 
is small compared to that of the .bulb.^ 

Error and Compensation in the System 

The error introduced into the system by the capillary-tubing is caused 
by both the time .lag and the length of, the tube exppsed to ambient tempera- 
ture variations. JhM error, can be eliminated, howe-ver, whea provisions are 
made to compensate tor ^mbient changes. Two methods of compensation for 
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temperature changes along the capillary tube may be used: case* compensation 
and full compensation. N 

Case coompensation corrects for temperature variations at the receiving 
instrument or pressure element only. A temperature change within the case • * 
that houses the indicating, receiving, or transmitting instruments usually 
is the result of variations in the measured temperature as the ambient tem- 
perature changes. WoWever, this change is\ compensated or eliminated by case 
compensation. Full Icompensated irtstruments provide for ambient temperature 
compensation along the entire length of capillary tubing. 

The temperature system shown in Figure 8 is not compensated. Figure 11 
shows both a case compensated and^a full compensated device, -^second ' > 
capillary tubing is located parallel to the" one connected to the bulb for 
measurement purposes. The two tubes are normally wrapped together in a pro- 
tecting .metal .stieath. Both tubes a,re connected to the pressure element so 
that the force exerted by each are in opposition and so any element movement 
will be caused by the bulb only. The compensating tube, which is filled 
with the same- material , is also the same size as the measuring tube. 




Page 20/IC-04 



130 



9 

ERIC 



Temperature cas^ 



COMPENSATING TUBING 
WOULD BE TERMINATED 
HERE FOR CA8E COMPENSATION | 



CONNECTING 
CAPILLARY 
TUBING 



\ . 



COMPENSATE 
CAPIIURY TUBING 
TERMINATED HERE FOR 
FULL COMPENSATION 




BULB 
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TEMPERATURE PROCESS 



. Figure ^1. Ambient temperature compensations for f j 11 ed thermal systems. 



Another type of compensation that is used consists of placing -a invar 
wire within the capillary tubing. InvarMs a metal that has a negligible 
coefficient of thermal expansiort. Compensation is^ achieved by the following 
method: The combined volume of filled material within the tube experiences 4 
a change with temperature approximately equal to that experienced by the 
capillary tube. Therefore, no change in pressure ,i^roduced at the pres- 
sure element. This type of compensation is used on liquid systems, partic- 
ularly those that use mercuryv ■ ' , 

Vapor pressure systems need no capillary compensation^ The reason for 
this is as follows: The vapor pressureof >a liquid is a .function of temper- 
ature, and, as the temperatm=e~-of a closed system increases, the pressure 
and quantity of the liquicLthat is valorized also, increases. A temperature 
increase orf the capillary tube will- cause the vapor to §xpand and will in- 
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crease the systenrpressure. Hpwever, the increased pressure will >also cause 
some of the vapor to condense, and the pressure on the system is then re- 
stored to 3 value commensurate with the temperatu^ of the liquid in the 
bulb/' 

Other sources of error in f.111ed temperature Systems are errors in 
barometric .pressure and bulb-elevation. '*Althou'gh^Efi^S^ errors are not con- 
sidered major," one should be aware that they -extst. Variations .in atmo- 
.spheric pressure on gas and vapor .systems - Classs-II and Class III - pro- 
duce small margins of error and do^not significantly affect Class I and 
Class V systems. Errors caused by barometric pressure usually are less than 
0.4%'. * \ . - 

, Bulb elevation errors affect Classes I, II, and V systems 'since pres--^ 

sure is exerted, on the pressure element as- a, result of the volume of liquid 

J 

in the tQi>e and bulb. Such fercots are proportional to the den^rty of the 
filled liquid and to the degree to which the fluid will expancf. * They 'are 
also inversely proportional the the range span. Errors of .this type are not 
significant in Class I systems ^ unless the bulb is elevated several feet 
above the pressure element in the case. Bo^b elevation is significant in. 
Class V systems because of the high density of mercury. Once elevation is 
established^ however, the error fan be compensated by the zero adjustment o,f 
the instrument. • ' ' 

Vapor systems - Class II - &re ^further dividied into four groups: — A, s 
B, C, and D. Class II-A instruments are designed to* measure temperatures 
that are consistently above ambient; Class II-B instruments are used to mea- 
sure temperatures that are consistently below ambient. Class II-C and Class 
II-D instruments are used for temperature measurements that cross ambient. 
^Although Class II-C is similar tp Class II-A, i£ has a .larger bulb.^When. 
measuring temperature^ lower than ambient, all of the. liquid will be present 
in the bulb. The bulb must be large enough to contain the liquid and still 
have room for a vapor space. When temperature variations across ambient are 
regular:, Class TI-C should not be'used since erratic action and delay in 
temperature indications will result. Class II-D .instruments sftoOld be used 
when temperature measurements regularly cross ambient. » The pressure element 
and capillaryjtube are'always filled with liquid, te and a small amount of 
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-vapor is trapped in the bulb. '"Table 2 shows the»various Classes of filled 
systems, as well as some of their characteristics. 



TABLE 2. CLASSES OF FILLED SYSTEMS. 



* System 1 


Minimum 
Temperature 


Maximum 
Temperature 


Advantages 


Di sadvantages 


Class I * 
(Liquid) 


-300°F 


700°F v. 


Linear scale 
small bulb. 


Requires full 
compensation, 
elevation error. 


Class II 
(Vapor) 


-300°F 

• * 

i 


650° F • 


Low cost, fast 
response* no 
compensation 
required. 


^Nonlinear scate, 
elevation error, 

* erratic response 
at ambient tem- 
peratures. 


. Class III 
(Gas) 


-450°F 

• 




Linear scale, 
temperature 
capability, with- 
stands overrange. 


Large bulb 
requi red. 


Class -V 
(Mercury) 


- 60°F 


1200°F • 


Linear scale, 
small bul b. 


Same -as Class I. % 



BIMETALLIC ELEMENTS ' _ . * ^ 

^> The bimetal lic^slTrip is a reliable form of temperature measurement. 
Though used very little in process temperature systems, bimetallic strips 
are ysed in many applications of local temperature indication, 0N-0FF con- " 
trol, and alarm devices. They operate on .the principle of thermal expan- 
sion. As shown in Figure 12, bimetallic devices, consist of two connecting 
strips of metal that have different coefficients of thermal expansion. The 
different rates of^ thermal expansion cause 0 a movement at the free end, and 
this movement is used to drive a pointer on an indicator or moye a contact 
on an electrical switch. 



/ 
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* Figure 12. Bimetal elements. ; 

For a particular value of -temperature, the bimitVt elemental 11 be flat 
and straight; however, because of the dissimilar thermal expansiohycoeffi- 
cient of the two metals, temperature variations will ca.use tFie strip ttr-bend 
into an arc. The bending is caused by the expansion ofThe two nfetjls in 
accordance with their particular characteristics. One strip .will expand to 
a greater length than the otjjer. . 

' The amount Of movement at the free end resulting from temperatures 
variations is a function of ti&^jpW owing ciiaracteri sties: 

^Temperature of element (directly proportional). 

• Length of element (directly proportional). 

• Thickness of element (inversely proportional).* ' 

from the above characteristics, one can assume a lon^ thih strip will pro- 
duce more movement for a given change in temperature. To obtain more sensi- 
tive, elements, bimetallic elements are wound in forms of spirals, or heli- 
cals, sinrilar to pressure'elements. 

Most thermometers made of bimetal elements*. Wave uniform scales. How- 
ever, -these elements do tat have uni foni^w^ement over wide ran^§| .of tem- 
perature. For temperature rancjes up tro about 400°F, £hg nonl ine^rity Jsjiot 
great; therefore", farily acci/rate*temperature measurements can* be made with 
uniform scales. The limiK^Jihe range of temperature measurement made with 
bimetallic elements is-from -300°F to 1000°f. At very loy temperatures, the 
rate of deflection with, temperature change decreases sharply "because the co- 
efficients of thermal expansion of the two metals approach a common value. 

■ • -, .., y-^ 
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The accuracy of bimetallic thermometers is not perfect, but it, is 
acceptable for indicating purposes. These thermometers are rugged and ^ 
capable of withstanding over-hanging of up to 100% without damage. Figure 
13 shows a two-position control application using a bimetal element. 

REDt*-<*f"cONTACTS 



ELECTRICALLY , 
INSULATED PIVOT 



BATTERY (DC) OR POWER 
SUPPLY (AC OR DC) 



BIMETAL ELEMEMENT 



OWER .1 \ 

,c .\x^n__i 



7 

ELETRICAL ^CONTACT 



ELETRICTRlC HEATER 




• i 3 

i - 
i 

~tl„ 




AC VOLTAGE SOURCE 



TEMPERATURE IS CONTROLLED * 
IN THE ENVIRONMENT EPROCESS) 

Figure 13. A temperature controlled process using a bimetal strip./ 

When the strip is in the flat position as shown, the temperature is 
low; mare.heat shQuld then be applied to the temperature process. The bi- 
metallic strip provides a , path for current to flow from the_ a.c. voltage 
source through the- heater that heats the process. When the process is 
heated to the desired value, the heat will cause the bimetal strip to curve, 
thereby opening the contact," de r energizing the relay, opening the relay con- 
tacts, and stopping the current flow through the heater. When the tempera- 
ture decreases, t h e contacts on the* bimetal strip closes, and the series of 
event's' described above are repeated. » 

The purpose of^ the. relay shown in the circuit in Figure 13 is\to de- 
crease the amount of current traveling through the strip and to it§ corl^ 
tacts. Without the' relay,- for Urge current capabilities,, the strip and 
contact would have to .be large enOugh to operate' the heavier contact, there- 
by reducing the sensitivity of the strip. TJie sensitivity is inversely^ pro- 
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portijonal to the "thickness of the element*. A spring or proximity bias 
arrangement is used to vary the operating temperature (setpoint). 

.Control circuits like the one shown in .Figure 13 are used / in home and . 
industrial' applications*- Most heating and cooling thermostats are Based on 
this operation, *The relay normally 4 is not needed in most heating controls 
circuits since the current required to operate a small solenoid operated 
valve can be passed through t^e bimetal strip or through a wire connected to 
the contact points on the strip, 'Air conditioning thermostat operation re- 
quires the' utilization of the relay because of the large current required to 
operate air conditioning compressors. Industrial bimetal control ^circuits 
are limited. to processes. that can be controlled by two-position or t)N-0FF 
control since proportioning cannot be accomplished by such control circuits* 



EXERCISES 



;ions: / 



1. -Make the following temperature scale conversi 

a. 308°F to °C. , 1 ... 

b. O'K to°R. ' .', * 

c. 450°C to °F. • • . * 

d. * 165°F to *°R. 

e. 140°C to K. • 

2. Using a standard thermocouple calibration table, make the following 
EMF-temperature conversions: » - \ 

a. A type J thermocouple reference junction is 100°F: The measuring, 6 

junction temperature is 360°F. \ihat is the voTt&gd output? 
V The, voltage output of a type K thermocouple is 5.70' mV, The 

reference junction temperature is ^5°F<. Wh^t is the temperature 
> of the measuring junction? . * 

3. * A bridge circuit similar to the one shown .in .Figure 7 has .the fallowing 

resistance values: J*i = R2 = ^0D0 ohms. 'R 3 is 500 ohm's, and the 
bridge i* balanced. What* is the value of R 4 ? , ^ . 
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LABORATORY MATERIALS 



A glass thermometer capable of temperature measurement in the 0-400°F range 

with ,2° resolution. 
Four feet of type J thermocouple lead wire. t 

A voltmeter with 0.02-mV resolution on a scale that will measure 50 mV full - 
scale. 

A RTD with & temperature-resistance calibration curve. \ 
A 10-V d.c. power supply. ' * 

Two 5000-ohm precision resistors with 1% tolerance with a power rating of 
/ one watt. 

One 0-5000 ohm wire wound potentiometer with 1% tolerance. 
An ohmmeter wjth one ohm resolution on the R x 10 ohm scale. 
T gallon nonconductive light-weight oil. 

A Hot water supply up to about 200°F. - ' * 

Two 30-inCh clip leads. 
1 quart of ice. 



lBORATOFIY procedures 



*■ LABORATORY 1. TEMPERATURE MEASUREMENT WITH A THERMOCOUPLE. 

1. Make ^the rmocouple by removing the i/isulation\from about 1 ty2" of 

' each end of eacfTTris^i n the thermocouple pair and tightly twisting the 
' s J^wo wires of either end s tt>§etiiai>^This will be a measuring junction % 

2. Observing polarity, connefct each end of the Open end^to the voltmeter. 
This end is the 'reference junction. 

3/ Witt} the reference junction and measuring junction at the same tei^era- 
ture, measure the voltage at the reference junction. Note this reading 
for further explanation. Blow on the measuring Junction and note the 
response of the voltmeter. 

sasuring junc 



4. Immerse the measuring junction in a beaker of water slightly above the 
reference junction temperature. k 
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5. Measure the temperature of the water by reading the millivolt (mV) 
vaLue at the reference junction with the voltmeter and the temperature 

• of the reference junction with the glass thermometer. Convert the $m- 
perature of the reference junction to a mV value by use of the calibra- 
tion table. Make certain that the columns on the table correspond to 
# the type of thermocouple used. 

6. Add the mV value corresponding to the reference junction temperature 
from that of the measuring junction temperature^. ( This compensates for 
the reference junction temperature. If a t^Wj^ Referenced to 75°F is 
used and the temperature of the reference junc'tibn temperature is about 
75°F, the'mV value for the reference junction temperature is 0. 

7. Convert the mV value obtained fer^tep 6 to a temperature value by using 
the tables. 

8. The temperature obtained in Step 7 is the temperature of the measuring 
junction. Record this value in Data Table 1 (Measured Value of Temper- 
ature A). * 

9. Measure the .temperature of. the water with the glass thermometer an<* re- 
cord this in Data Table 1 (Actual Value" of .Temperature A). 

10. Add some heated water to the water being measured 'to elevate the tem- 
perature. 

11. Repeat Steps 5 through 9 and rsrnrH thP in Oat.a TahlP^l^Igmf^gA-^ 

ture B). 

12. Repeat Step 10. ^ 

13. Repeat Steps" 5 through 9 and record the value in Data Tabl^L (Tempera- 
ture C) i . 

14. Immerse the measuring junction in ice water. 

15. Measure the voltage at the reference junction. Note the voltage value 
for further discussion and explanation. 

16. Repeat Steps 5 through 9 and record this value in Data Table 1 (Temper- 
ature D). 
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LABORATORY 2. TEMPERATURE MEASUREMENT WITH AN RTD. 

* * 

1. Connect bridge circuit, as shown in Figure 7, with the following 
resistance values: 

a. Ri - R2 25000 ohms. 

b. R 3 = 0-5000 ohm variable resistor. 

c. Rif = an RTD. 

2. Connect the mV meter and bridge power supply to the bridge circuit. 

3. Turn on the bridge supply and adjust R 3 for the bridge balance as indi- 
cated by a zero reading on the .voltmeter on the most sensitive scale. 
Ri^ is at ambient temperature. Measure the value with the glass ther- . 
mometer and record it in Data Table 2. 

4. Blow on the RTD or fan it with a piece or paper. Note the response Of 
the voltmeter. 

5. Immerse the RTD in the nonconducti ve fluid at the same temperature (am- 
bient) as the other comf^pents. 

6. Slightly increase 'the temperature of the nonconduction fluid by mixing 
it with hotter fluid. 

7. Measure the temperature with the glass thermometer and record it in the 
table under Temperature-A. 

8. Measure the mV value read on the voltmeter and record it -in Data Table 
2 (Millivolt-Temperature A). j 

9. Repeat Steps 6 through 8 and record the values* under B in Data Table 2. 

10. Repeat Step 9 until the table is complete. » 

11. Make a plot (on graph paper) of temperature versus the measured milli- 
volt value. 

12. This' Completes the Laboratory section of this module. Secure all 
equipment. \ t * ' 
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DATA TABLES 



DATA TABLE 1. ACCURACY OF THERMOCOUPLE TEMPERATURE MEASUREMENT. 





Measured Value 


Actual Value 


Temperature A 
Temperature B 
Temperature C 
Temperature D - 


% 

4 * 


* 


DATA TABLE Z. ACCURACY OF RTD TEMPERATURE MEASUREMENT. 




Measured Valu6 


Millivolt 


Ambient Temperature. 1 

Temperature^ 

Temperature B 
Temperature C 
Temperature P 


c 

i * t 
• 


" ' L\ 
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(GLOSSARY ' ■ " 

1 1 ' 

Filled th'ermal system: Jemperature measurement based on a volumetric or 
pressure change ,of a ffuid. 

/ 
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Inferential measurement: A nondirect means of measurement that -is based on> 
'the measured value of a related variable. * . 

Optical pryometer: A noncontact form of temperature measurement based on 
the relationship between a heated object and the fpequeqcy of the elec- 
tron magnetic energy it emits. 

Resistance temperature devices (RTD): A device that changes resistance with 
temperature. Jhe relationship between temperature and resistance when 
previously established is a jra^is for temperature measurement. 

Temperature transducer: A device that converts heat energy to mechanical or 
electrical energy in a form that can be measured. 

Thermocouple: Two. dissimi lar metals joined' together at one end and produc- 
ing a voltage at the other end which is proportional to the temperature 
difference in the two ends (junctions)-. 
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'values. 



1. Most temperature measurements are 

2. Three different methods of temperature measurement are. 

3. The thermocouple junction in the temperature environment to be measured 
is the \ junction. 

4. Th£ thermocouple junction in the controlled environment or at the 
measuring instrym^nt is the „ ; junction. ( 

5. • Wherr both junctions of a ^thermocouple are the same temperature, the 

thermocouple output voltage is m . • 

6. Two methods of reference junction compensation are. 

7. The relationship between millivolts and temperature is 
(linear or nonlinear). I 

8. An RTD temperature, measuring System M normally 

(more or less) sensitive than a thermocouple application. 

. 9. A device used in many QN-OFF control and alarm applications is a 

10. Filled thermal systems are categorized by the ; J ■ 

11. A noncontact temperature-measuring device is : 
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INTRODUCTION 



In the design and operation of any control system 1t Is necessary to 
measure the variable to be controlled in a process or system. The con- 
trolled variable may be pressure, fopce, temperature, or length or the pro- 
cess variable may be proportional to one of these (such as velocity or flow 
rate). Measurement of these variables 1s accomplished by using devices 
known as transducers. 

f Transducers convert an input signal containing information in one ener- 
gy form Into an output signal~conta1ning the same information in another 
energy ^orm./ Thus, the condition of the process or system found in the 
pressure, force, temperatyre, or length can 'be transferred 4nto electrical, 
o,r pneumatic signals. Information contained in the output signals of the 
transducer tells the status of the pro.cess and provides~the basis upon which 
decisions affecting that process are made. 

Without transducers (or measurement) it would "be impossible to accu- 
rately or automatically control any process or system.- Thus, an understand- 
ing, of transducers, and their operation and construction, is important to 



-the- -teehfti-c-faft-who- niu s t ope rate, repair, or inspect" control systems. 

PREREQUISITES 

The student should have a basic understanding of algebra and physics 
and should have completed Modules IC-01 through IC-04 of Instrumentation and 
, m Controls . '* ' - 

OBJECTIVES 

.' a - - ■ v 

Upon completion of this module, -the student should be able to: 
} 1. Refine the following terms: ^/ 

a. Force. 

b. Motion. 
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c? 



d. 
e. 
f. 



transducer. 
Sensor. 



Scaled signal. 
Measured variable. 
Explain the use and operation of the following devices: 

a. potentiometer: 

(1) Linear. 

(2) # Rotary^ 

b. Inductor: ) * 

(1) Linear. • 

(2) Rotary.* t . 

c. Linear variable differential transformer's 

d. Synchromechanism. 

e. Flyball governQr. 

f. Strain gage. • 

Explain how the devices in Objective 2 above can beused to make the 

1 \ 

followingmasurements: ^ f ' * 

a. .Displacement: • ' r , ~ 



b. 



XTJ Linear. ' 
(2) /Angular. 
Velocity. 
ForceV 



\ 
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SUBJECT MATTER. 



CONTROL PRINCIPLES 



The success of a control system is, to a large extent, based on the 
detection and measurement of force and motion resulting from -force quanti- 
ties. This is true in both open-loop and (flosed-loop control systems. Many 
of the components in the control system shown in Figure 1 perform functions 
based on transducer operations. The measuring means* employes a transducer 
that is physically connected to the process, producing a force of motion as 
a result of a variation in the process condition. The transducer output is. 
used to generate a scaled signal that is transmitted to the controller.^ 
This signal is compared with a standard signal (setpoint equivalent) by the 
error detection instruments.. Then the controller generates a change in an 
output signal transmitted, to the final control element. The Tinal control 
element usually is a valve that ^positioned via a transducer by the con- 
troller ouiptft .to regulate the energy and/or the material entering or leav- 
ing the process for jthe purpose of maintaining a desired process value. i 

CONTROL SIGNAL - PROPORTIONAL 

TO VALUE CHANGE NEEDED IN I 
MANIPULATED VARIABLE TO HAVE 1 
MEASURED VARIABLE MEET SET 
CONTROLLER / POINT. 



SET POINT 




SUPPLY 



TRANSDUCER - CONVERTS CONTROL 
SIGNAL TO MECHANICAL MOTION OR 
FORCE TO OPEN CLOSE THE FINAL 
CONTROL ELEMENT 



>■ DEMAND 



final Control 
element (value) 



MEASURING MEANS 

c CONTAINS A TRANSDUCER THAT 
CONVERTS-MECHANICAL MOTION, 
OR FORCE INTO A SIGNAL PRO- 
PORTIONAL TO MEASURED 
VARIABLE . ; 



Figure 1. A closed-loop control system showing transducer utilization. 
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TRANSDUCERS AND TRANSMITTERS 



* The number and types of transducers used in a control system will vary 

somewhat with certain arppl ic&tions. However, it is often necessary to con- 
vert a process measurement to a mechanical motion and then transform ±h?t 
mechanical motion to an indication or Scaled transmitted signal representa- 
tive of a process condition. Another function of a transducer is to convert 

^ one signal proportionally to another type of signal. 

'Although the tWo terms are often used interchangeably, technically 
there is a' difference between a ^transducer and a transmitter (sensor). The 
transducer is physically connected to the system and ^/oduces a response to 
a variance in the process variable. The transmiirter-con verts this response 
into an input signal to the controller that is proportional to the value of 
the process variable^. The block diagranNn Figure 2 illustrates this func- 
" tion. Many transmitters, especially those of the mechanical type, us& a 
transducer as the input to the transmitter to convert the force to move- 
mentix The movement 1s then used to generate an output signal. 

FOftCE^ MOTION FORCE 
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ELECTRICAL 
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Transm 



8UCH A8: 
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3. TEMPERATURE 

4. PRE 8 8U RE 
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4 - 20 mA 
10 - 50 mA 

1 -5 V 
10 - 50 mV 



gure 2. Block diagram of transducers and transmitters. 



tters normally are classified according to their function, ap- 
plication, and type. For example, a level transmitter could be r a differen- 

nstryment used to measure level v and liquid-head and 



tial pressure-measuring 
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to transmit an electrical signal of j-20 mA. Nothing in the specifications 
listed gives any detaTTs^of the means- by which the hydrostatic head pressure 
produces. the transmitted signal. This information would be specified 
by the types of transducers used - which may be a pressure element -combi n^d 
with a variable resistor, inductor, and so. forth. 

Unless otherwise staged, it will be assumed in this discussion tbat the 
movement for the various types of transducers is produced by pressure ele- 
ments, this concept was previously covered in Module IC-02 of this course. 
However, a review of that concept is recommended. 

MOTION DETECTORS - LINEAR 

Motion detectors *are used to produce a response to the movement from a 
pressure element that, in turn, can be used to generate an indication or 
signal relating to a measured value. Although several different categories 
can be used to classify motion detectors, they will be referred to in thts 
discussion as either linear or rotary . Linear motion detectors are perhaps 
the simplest of all types. They are also referred to as displacement trans- 
ducers when displacement is considered to be a change in movement or posi- 
tion. \ 



Linear Potentiometer - A Linear Motion to Electrical Transducers 

Ttye linear potentiometer consists of a slide (or wiper), which % *is a 
movable contact that slides across a resistance element. The variable re- 

. sistance that is a function of the contact arm position produces an electri- 
cal signal proportional to mechanical displacement. By the choice of elec- 
trical connection, as shown in Figure 3, resistance value can increased 
decrease for a* given direction of movement. The resolution that defines the 

< relationship between the amount of reslstance^change with respect to dis- 
placme/it is determined by the spacing of the turns of wire for the wire- 
wound type of resistors. The resolution of film-type elements js dependent 
upon the amount of contact friction between a contact wiper and film resis- 

.tor. When a l,arger capacity ts required, -the contact and resistance mate- 
rial must be of rugged construction, thereby requiring a ^substantial operat- 

1 • • ' 
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1ng force. For mo|t measurement arfd control applications, the electrical 
signal level 1s low and the operating^force needed 1s small. 




ARM 



UNEAR*MOTfON 
POTENTIOMETER 
R. 



VOLTAGE 
MEASUREMENT 

/ 



BRIDGE POWER 
SUPPLY* 



T 



When the, contact on the 
linear-motion potentiometer 
is in the mid-position R3 on 
the bridge circuit is ad- 
justed for a null (or a bal- 
anced bridge) A ^ond1t1on. 
When a movement of the wiper 
occurs, thfe bridge w1lV be 
unbalanced, resulting In a ^ 
voltage measurement on the 
bridge voltage recorder -or 
-indicator. A displacement 
in one direction Will cause 



resistance-measuring a vo i ta ge measurement of a 

BRIDGE CIRQUIT r- 3 



Figure 3. Linear-motion potentiometer and 
T e s 1 sta nce-mea sur ijng^Jb ridg e circuit. 



~ particular polarity. When * 

-jfc he di spfatemerrtr-fs~tm~ J 

the opposite direction, the voltage polarity will be reversed. For such ap- 
plication '- whereJt 1s desired to measure displacement in both "directions - 
a center-reading vol taga^devlce must be*used,to measure the bridge unbal- 
ance. Most Industn^ applications Involve a unidirectional measurement", 
whereby a displacement 1n one direction results 1n a voltage Increase. When 
the direction of displacement changes, the voltage measurement decreases. 
With the 1'1near-m6tion qgterftlometer described, relative motion as great as 
six Inches ,can be measured.. For very small .measurements with extremely re- 
liable and prec1se H results, linear-motion Inductors ^and transformers are 
used. 



Linear-Motion Variable Inductor 

A ^ie^-mot1 on. variable Inductor consist^ of a spool, or core, that 1s 
wrapp'ed with a^cofl of wire. Relative motion between the core and coll will 
result 1n a change 1n the^ inducjtance value Qf the coll that 1s proportional 
to the amount of motion. ^The circuit used to measure relative motion is an 

• 4. 
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oscillator, and movement of the coil changes the frequency of the output os- 
cillations. This device is more rugged than the potentiometer. It also has 
little friction and more freedom of movement, with greater life expec- 
tancy. Input artd output circuits are electrically isolated - which is -a 
great advantage in prevention of spurious voltage disturbances. Although it 
is used in tuned circuits in the communications industry, the variable 1n- 
^^kictor ,is not as common, to other industrial applications as the linear vari- 
*anle differential transformer (LVOT)* # 

Linear Variable Differential Transformer (LVOT) 

The^LVOT contains all of the advantages of the variable inductor, ex- 
v Cept that it is more expensive. This device is morje sensitive to very 
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* 


CONDITIONER 
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J 





b. LVOT 



Figure 4. Variable ,inductor and LVOT. ^ — a 

small movements -vto a few ten-thdftsands of St) inch. An additional 
'advantage .pf the LVOT is that th§ output valtage, which is d.c,, is polarity 
sensitive to core movement. A variable inductor and an LVOT are illustrated 
in Figure 4. ' 

The LVOT is used fn many industrial process transmitters to measure 
such quantities as' flow, level, and pressure. Figure 5 shows an LVOT .with 
auxiliary circuit components. The primary coil is-connected to an a.c. 
input source. The two output coils, or secondaries - which are mechanically 
and electricallysimi lar - are symmetrically located with reference to the 
primary coil-. » s 
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SECONOARY S2 * _ SECONDARY 



Figure 5. I?VDT with signal condition i_circujts. 

e • 

With, the core positioned so that it is exactly centered electrically 
between Si and S* 2 on the positive halfrcyc^e of the input waveform, "the out- 
put current through Ri and R2 will be as indicated jn Figure 5a. When'the 
input waveforjn goes negative on the next 180° phase of generation, . current 
through the output resistors Ri and, R2' is >locked by $i and D2, and E ou t 
is zero. Resistance values ofN*i and R2 are equal. The 'current flow 
through the reststors is equal because of the electrical similarity of the 
coils (Si and S2) and the symmetrical focation of the core with respect to 
the primary. The voltage drop ( I iR 1 ) acrossT Ri is equal' to that across R2« 
Polarfty of the two voltages is opposite because of the. opposite direction 
of current flow. Therefore, for the 'condition just described - with the 
core positioned 'between the secondary coils - the output 'voltage, (E ou t") is 
equal to zero. ; 

When the core is posttioned more' toward Si, Ii WiTT ^BeTgreater than I 2 * 
and the vol tage v drop, across Ri will be greater than that across R2- Point A 
on the output will be more positive than point B, and E ou t will be posi- 
tive with respect to common. When the core is positioned more toward S 2 , I2 

» 

wiTl be greater; and, for the. same reason stated above, E ou t will be nega- 
tive. v 

y * 

The magnitude of E ou t> is proportional to the position of the" core, , * 
with respect to the center y or rest position. Ihe greater th£ displacement y 
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the greater the voltage - the polarity qf which indicates the direction of 
the core from the center position. In practice, .it is conpon to measure the 
? core displacement in only one direction - from the center .position. Output 
voltage is a functioa of the core movement in one direction and then back to 
rest position. This movement generates a voltage that changes from zero to 
a maximum and back to "zero. * S 
By 'the action of the diodes, Di and D2, the waveform of the electrical 
output is half-wave rectified. When a capacitor is connected from points A 
and B across the output voltage, a d.c. output voltage is obtained. 

However, it may be desirable to use the output as an a.g. waveform'. In 
this case, the rectifying diodes and resistors are omitted from the circuit,* 
and the windings of the secondary coils are connected in a series opposition 
arrangement. The output will be a phase-sensitive, variable' peak voltage, ^ 
a.c. signal that has a frequency that is the same as that of the input 
signal. This application - using the output as an a. p. signal - is not as 
common as that previously described when the output is a half-wave rectified 
d.c. waveform. ^ . ' ? 



MEASURED DISPLACEMENT ; 



Variable Capacitance.for Linear Measurement 

jf * * 

A group of 1 inear .position detectors operates on* the principle of vari- 
able capacitance. . With other factors that determine the value of a capaci- 

• : .tor being constant, the capaci- 
tor value is a function of 'the 
distance between the capac'itor 4 
plates. A linear variable 
capacitance transducer 5 is shown 
in Figure' 6. The capacitance of 
plate, this transducer is very smajl. 
Although the variable capaci- 
tance may be measured with a 
DeSanty bridge, stray capaci- 
tahce from connecting leads can 
swamp th$ transducer capac- 



HOUSINQ 
MOVABLE PLATE 




LEAD 3 TO MEASURING CIRCUIT 



Figure 6. Linear variable 
capacitance transducer. 



itanefr and cause erratic and erroneous measurement Values. For this reason^ 
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the leads of the transducer. usually are connected to the. tank circuit of an 
oscillator. A change in capacitance will result in a change in frequency. 
The variable frequency is, then usually converted to a signal having In am- 
plitude that is frequency-dependent. Use of variable capacitance trans- 
ducers is gaining prominence in transmitters used for process measurement. 

MOTION DETECTORS - ROTARY ' t, 

Notary position, angifrar motion, or angular displacement detectors op L 
erate on principles simlar to the linear position detectors discussed pre 
viously. The following text will reference the operation of rotary motion 
detectors to-that-_of their linear-mati on detector^ counterparts. 



Rotary Potentiometers 

The angular motion variable potentiometer is perhaps the most common ' ^ 
type of rotary motion transducer used commercially. Rotary potentiometers 
are of either the wire-wound type or the film-composition type, and the type 
to use is determined by >he specific application. The wire-wound potentiom- 
eter is* used for more precise operations where very small movement or Very 
small increments of resistance change are desired. The motion that drives a 
rotary potentiometer can be restricted to 360°, or several complete revolu- 
tions. Multiple rotation potentiometers (2-, 5- or 10-turn "pots," as they 
are called) are available for use in many industrial applications. 

The term "potentiometer" i? 
derived from the fact that a 
uniform and propbctiQnal drop in 
• voltage (potential) is produced 
as a result of the displacement 
of a movable or rotating contact 
from the displacement of a mov- 
able or rotating contact from a 
reference point^*Erom this rej^ 
suit, the voltage at the sliding 
contact is directly propor- 



MOVASLE (SLIDING) 
CONTACT 



UNIFORM COILS 

of «me 




AFFLlEO VOLTAdfc t{ 9) 



Figure 7. Wire-wound rotary 
" potentiometer. 
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tlonal to its distance from the reference end. . This copcept Is* Illustrated 
1n Vlgure 7. 

The resistance of a potentiometer 1s the value of resistance, as mea- 
sured from A to B (Figure 7). Although this value could be any amount, f * 
standard val.ues are as follows: 10 a,' 25 a, 100 a, 1 ka, and so on. The 
resistance from A to C 1s and the resistance from B to C is R 2 . The 
total resistance of the potentiometer 1s expressed 1n Equation 1. 



Rj = Ri + R 2 



Equation 1 



Where 

\ 



Rj = Total potentiometer resistance. 



Ri = Resistance from A to C In Figure 7. 

R 2 s R'esistance from B to C in Figure 7. 

♦ The voltage from A to C in Figure 7 is E^ and voltage from B to C is 
E 2 . Total voltage is expressed- in Equation 2. 



Ei + E 2 



Equation 2 



where: - E T = Total applied voltage. 

,Ei = Voltage from A to C in Figure 7. 
E 2 = Voltage from B to C 1n Figure 7. 

The relationship between voltage and resistance (Ri and Ei and R 2 and E 2 ) is 
expressed in Equations 3 and 4. 



R : + R 2 



(E s ) 



Equation 3 



where: Ei = Voltage from A to C'in Figure 7. 

R l = Resistance from A to C in Figure 7. 

- R 2 = Resistance from B to C in Figure .7. 
E s = Applied voltage. 



R 2 



R : + R 2 



(E s ) 



Equation 4 
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where: E2 3 Voltage^ from B to C in Figifre 7; 

Ri 3 Resistance from A to C in figure 7, 
R2 s Resistance from B to C in Figure 7, 
E s = AppHed voltage. 

The previous discussion and stated equations indicate that the valtage 
from A to C in Figure 7 wjll increase as the sliding contact rotates clocks 
wise and that the voltage from B to C will decrease with a clockwise rota- 
tion of the slider. Of course, when rotation of the slider is'reversed, the 



voltage values previously described will assume the opposite values. 

.Example A will help to explain the concept, of rotary potentiometer 

operation. 

> 

c EXAMPLE A: ROTARY POTENTIOMETER -OPERATION. 

Given: The following information: 
a. Rj =4000 
6. E s ■ 10 V € * ' 

c. The maximum rotation of the slider is 0-300°. 
Find: , Voltage- from A to C when the slider rotates 35°. 
Solution: By referring to Figure 7, fend assuming the relationship between 
* ' slider movement and resistance from C to A or B 1s .proportional, 

Ri will be resistance value proportional to the amount of rotation 

of /the slider frQm 0-35°. 
♦ 

Ri 1 goo n) =- U6.66 n v • * . 



300° 

From Equation 3, 



116.66 fl 
1000 ft 

1.166 V 



(10 V.) [ 
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Note: The steps Included in Example A to calculate R 2 could be omitted 
since, 1n a voltage divider network, voltage and resistance vary 1n direct 
proportion to each other. Therefore, 



• E ^.= ^ (10 V)= 1.166V. 

The above demonstrates that, by use of a rotary poterfcTometer, rotary 
motion - which can be an inferred value - can be determined 'by a voltage 
measurement." 

^..^iTJ?/^" the..o L rrent:ilQwJn.tJie potentiometer and- thereby 

reduce the total maximum power dissipated in the circuit, low' voltage and 
high resistance are often used. This probably will reduce the measured 
voltage value to the point at. which amplification may be required. However, 
most process instruments will measure volttfge'ln the millivolt range; there- 
fore, when using such devices, amplification may not be required. * ' *" 




Figure 8. Two-potentionjeter error-detecting circuit. 



In controf-and measurement applications, it is often "desirable to de- 
tect the difference in relative motion. This can be done with two potenti- 
ometers. . Jh1s principle, which involves error-detecting circuits, finds 
specific use in measuring the error between setpoint value and'controlled 
variable measurement in closed-loop control systems. Such an arrangement is 
shown iff Figure 8. » 
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The error signal, E in Figure 8>, is a function of the relative motion 
of the sliders in the setpoint and .measuring potentiometers. When they are 
at the exact same reference point (50% of maximum rotation, for example), 
the error voltage is zero* If by some unusual circumstance both sliders 
moved an equal amount in the same direction, the error voltage would* still 
be zero.. When the SP value, which represents the real reference value, is 
held constant^ and the PV slider position changes as a result of a change in 
the process condition, error voltage %will increase^by an "amount proportional 
to "the difference in the position of the two sliders.' In this case, the er- 
ror signal wouTd provide an input to an amplifier having an output that 
would position a final control element in the control loop to bring about a 
xhange in the process co^ndiTi"oTT. The process would continue to change until 
the errdr signal again became zero. This sequence describes the action 
taken by a controller in a closed-loop control system. 

* The accuracy of a potentiometer transducer depends upon the^propor- 
tional change in voltage with respect to resistance. When this relationship 
is linear - that is, when an increment of shaft rotation of a rotary poten- 
tiometer causes an equal increment of voltage variation - the measuring de- 
vice is said to be linear. The term 
uMiAR RtLATioMSHiP ^7 "linear," as it is^used in thjs case, 

does not describe the type of motion; 
instead, it is used to express the 
degree by which njeasured voltage is 
representative of the contact posi- 
tion. The curve in Figure 9 shows 
linear and nonlinear relationships be- 
tween* measured (output) voltage and 
contact or slider position. Nonlin-. 
earity must be eliminated or held 
to a minimum. 

When a measuring instrument • or lo^ad resistor is attached to the measur- 
ing circuit, that resistance is parallel with a portionof the potentiometer 
slidewire and will changd the circuit resistance to a value known as the 
equivalent resistance, (R e q). In Figure 7, output voltage measurement is 
Ei acro/s Rj, which is a portion of the potentiometer' si idewi re. This is 
shown-in Figure 10. , fc . 



MEASUREMENT ERROR CAUSED 
BY MOMLIMEARITY 



NONLINEAR 
RELATIONSHIP 




CONTACT POSITION v 



Figure 9. Linear and nonljnear 
relationships. 
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T 




Figure 10. 'Effect of Rl on a 
potentiometer measuring circuit. 



As a result of the addition of 
RL to the circuit,* the equivalent' \ 
resistance value of the circuit in - 
Figure 10 is determined by calculating 
the parallel combination of R^ and 
RL. This is accomplished by using ' 
Equation 5. When the value of Rl if 
large compared to R lf the value of 
R e q will be approximately equal to 
Rl-; -and- the error- caused by the 
addition of Rl to the measuring . 
circuit will be minimal. 



R ea =r R * R 2 Equation 5 

M Rl + R 2 

* * 

Rotary Variable Differential Transformer (RV.DT) 

The rotary variable differential transformer '(RVDT) is commercially - 
.available for &ngidar motion detection. It operates on the same principle 
as the LVDT, with the major difference being in the slug or core movement. 
The core rotates in the RVDT; but it has a^linear movemejt in t'he LVDT. , The 
core rotation is usually limited_to 45° in either direction. The RVDT, as 
shown in Figure 11a, produces a differential output voltage that is a func- 
tion of the coil rotation in either direction from the center, or rest posi- 
tion, at which point the v output voltage is zero. 

A two-coil version 4 of an RVDT is the variable rel^tance angular posi- 
tion transducer. This device is the result of omitting the primary coi«l and 
connecting the a.c. source, as shown in Figure lib.-/ 
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An RVOT. 



DIFFERENTIAL OUTPUT 
VOLTAGE 



AX. 

SOURCE 



CORE 




b. A»2-<JoaRVT 



DIFFERENTIAL OUTPUT 
VOLTAGE 

* 

O 



Figure 11. Rotary variable differential transformer. ' 

I 

\ 

Synchro Systems \ 

A synchro is a rotary transducer that provides a transformation of 
angular displacement or motion to a proportional a.c. voltage or an a.c. 
voltage to- a rotary motion. 

Synchros resemble a.c. motors in physical construction and operation. 
They have a rotating armature, or rotor, which is connected to an a.c. exci- 
tation voltage source, and a stationary , field, or stator. The stator corv- 
sists of three Individual windings, each spaced 120° from the, other. The 
three coils'are connected together at one end. Slip rings or brushes are 
utilized to corhject the excitation voltage to the rotor. 

The currents induced into each of the stator coils are a function of 
£he position^ of the rotor' co.il. They are relative to each 'of the three 
stator windings. By comparison of the currents in each of the stator wind- 
ings, the rotator position can be det'ernvined. Changes in the stator current 
are also an Indication of the direction "of rotor rotation. 

Synchros are also used in pairs to measure angular rotation. In such 
applications, one synchro is called, a control transmitter and one is called 
a control transformer. Synchro pairs are often used to measure difference 
in the, speed of two rotating shafts in order to produce an error signal that 
i$ used to control the speed of one shaft equal to that of another. A typi- 
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c«1 synchro motor 1s sh*own 1n Figure 12 and a synchro pair 1s shown 1n 
Figure 13. ; , 



.STATOrf COIL 

•A. 



In Figure 13, ar^a.c. voltage is 
"'applied to the control^transmitter 
through burshes to the rotor. In 
turn, an a.c. voltage is induced into 
the cpils (11,12s and L3), the amount 
of^htch--ts^etermined by the angular 
position of the rotor -(relative to 
each coil) The voltage on each coil 
of £he transmitter also appears on the 
corresponding poi 1 s of the trans- 
former. The coil voltages on the * 
transformer are then induced into the _ 
rotor of the transformer - which, 
through brushes, appears at the transformer output. .Therefore, the output 
voltage. is a function of the angular position of tt^e rotor in the control' 
transmitter. Transformer output voltage is described by Equation 6. 




Figure 12. Synchro motor. 




Figure 13. Synchro angular displacement transducer. 

- ■ / - 

Equation 6 



tout = CEm Cos 6) Sin Wt 




f 
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where: 



E Ollt 



^ = Output voltage of the transformer. f 
m = Maximum output voltage amplitude, 
0 s Angular displacement of the transmitter rotor. 
\i - Frequency, in radians, of the voltage applied to the 



transmitter rotor. 



Flyball Governpr 



The flyball governor ..(mechefnical angular motion detector) is one of th£ 
oldest -rot-ary-motion-detect+n9 devices. It was ftrst used 4n the original 
steam engine as the measuring means of a closed-loop control system to con- 
trol engine speed. It still is used to regulate the speed of steam turbines 
that drive large compressors. Such spaed-control devices are known as cen- 
trifugal governors. t 

The centrifugal, or flyball, governor shown in Figure 14 has two spher- 
ical weights attached to a rotatinjj^shgft by two arms (for each weight). 
The number of weights can tfary from one* to four. One arm is pivoted to the 



ROTATING SHAFT- 




FIXED MVOT MEASUREMENT 
SCALE 



Figure 14. Centrifugal or flyball governor for 'speed 
measurement and/or control. 

shaft end, and the other arm is free to slide on the shaft. Rotary motion 
of the shaft creates a centrifugal force on the weights. The force is nor- 
mal to t'he shaft (points radially out from axis), and it causes the weight 



\ 
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to be hurled outward and upward, creating^ motion of the weights. The 
f amount of weight motion 1s a function of centrifugal force' created by^ the 
shaft rotation and the opposing force *of gravity acting oft the weights. At 
any speed great enough to cause the weights to move, the centrifugal and 
gravitational forces acting on the weights are out of equilibrium. As grav- 
itational force on the weight 1s constant, the weight movement is a function 
of shaft rotational speed. This movement causes a sliding sleeve to be 
^pos+t+oned up -ami down the~shaft. Position of the sleeve is an indication 
of the sfiaft speed. 



VELOCITY^ MEASUREMENT - ROTARY 

Velocity, the rate of change of displacement or diftance, is measured 
in angular rotation per unit of time. Any of the linear- or rotary-moti.on > 
devices mentioned can be used for velocity measurement, but only when the 
displacement measurement is made with respect to time. The flyball governor 
can be used for velocity measurement by simply using a scale graduated to 
read rotary or angular velocity - r/min, for example. It is strictly a mo- 
tion, and hot a position. .measurement device. , The other devices mentioned 
In this module are position detectors. To measure* velocity from a position 
indicator, 1t 1s necessary to measure the time r<ft|u1red to change from one 
position to another and to express that amount of movement with respect to 
the amount of time required to make the movement. 



Tachometers , ' * T 

A tachometer is a device used to measure angular velocity. The flyball 
governor, is a mechanical tachometer. Electr^a! tachometers normally are 
small generators having an ojutput voltage that is a function of this angular 
velocity Of the rotating armature. Output voltage of a generator 1s ex- 
pressed in Equation- 7. 

• El LBV „ / Equation 7 



where: 



Ei = Voltage, generated by. the* tactometer. 

°L = Length of the conductors 1n the armature. 



9 

ERIC 



IC-05/Page 19 



163 



B = Flux density of the magnet 1^ 
call . . 

0 * 

V « Velocity of the armatu 



irei 



field* established by the field 



By designing a generator wit fr - all ■ tffi terms in Equation 7 constant . , 
and doing the following: C ^ • . p 

,* • expressing velocity of the conductors in t^rms of an average radius 
(the angular velocity is- revolutions per minute), 

• .establishing the exact number of conductors with their exact 1&<gth, 
and . • _ , 

4 ^ — - — ; - ~ 

• determining total voltage on the tachometer output by tomputipg the sum 
of voltages induced in each inductor ... ' * 

the tachometer output voltage is determined by Equations 8 and 9. 



KE 




Equation, 8 . 
Equation 9 



where: 




E = Tachomet^ output voltage. 
Kg = EMF constant, In V/rpm. 
S =* Artgular velocity of the armature, in r/min. 
R a Average radius, in meters (m). 
^JL s flux density of the ritsgnetic field, in weberS per square 
meter (Wb/m 2 ). 
N .= Effective number of conductors. 
L » Length af each conductor, in m. ^ 



EXAMPLE B: - TACH0METERf6UTPUT ^VOLTAGE. 



± 



G^ven: . A d.c. tachometer with the following specification values relating 
to Equations 8 and 9. 
R = 0.06 m * 
B = 0.1 Wb/m 2 
N = 36 
L=0.2m 
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Find 



.A 



Output, voltage for the following speeds:- 

a. 1000 r/min 

b. 2500 r/min 

. . c. -3000 r/min • * * 
Solution: Using Equation 9 to find Kg: 



K E = 



2tt RBNL 
60 



Wb 



K E = (6.280(0.06 m)jL0.1 ~) (36) (0.2 m) 

m 



= 0.0045 



r/mijn 

Using Equation 8 to find outpu 
a/ E = K E S< 

V 



=•,0.0045 



= 4.5 V 



r/min 



(1000. r/min) 



b. E = 0.0045 



r/min 



=11.25 V 



c. E =-0.0045 



r/min 





(2500 r/min) 



(3000 r/min) 



, EXAMPLE C: REVOLUTIONS PER" MINUTE. 



A d.c. tachometer with the specifications listed in Example B. 
Revolutions per minute for the following output volta.gese 

a. 3.,65 V - , • 

b. 4.58- V • ' 

c. 7.43 V 

• 1 f 
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Solution: Rearranging Equation-. 8 to solve for S: 



From Example B, K E = 0.0045 V 
Solving for S: 

a. s =-— = 3,65 <r = 811.11 r/min 
K E 0.0045' 



b. S = > lj 8 — = 1017.77 r/min 
0.0045 

„ « 



c. S = 7,43 '= 165K11 r/min 
0.0045 



) 



FORCE SENSORS , •• 

Measurement of motion, moyemeht, and displacement has been discussed, 
arid several means to measure both linear and rotary motion have been ex- 
plained. "An equally important measurement is that of force. Force measure- 
ments.can.be -~and, in fact, often are - inferred values from both linear- 
ar>d rotary-mot idh detectors,' wher^ the measurement is based on an amount of 
force^ required to produce the*measured motion. Other force-measurement de- 
vices, though generally operating on the same principle, are not considered 
to.be motion seniors.' ' ' s 

;* ■ ' • , - 

STRAIN 6A&E- ' - 

• '. . - * 

The strain gage is one of the simplest and most prominent types of 

force sensor in commercial and industrial use. Operation of the strain gage 

Ts based upon the effects of physical deformation caused by applied forces 

on the electrical resistance of a wire conductor. 
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equation 



electrical* resistance of, a conducting *wi re is determined by "the 



R t P (L/A) 



where: * R = Electrical resistance, ohms, > * . • 

, . p = Characteristic resistivity of material^, ohms/inch. 
L = Length of conductor, irtches. . • 
" A = Cross-sectional area of conductor, inches . 

Nfeglect^ng temperature changes, the resistance, of a conductive wire "will re- 
main' reasonably constant as long as its physical* dimerisions ^re unchanged. - 
When a force is- applied that results in a conductor increasing its length, 
its cross-sectional ^rea will decrease - resulting in a greatly increased 
resistance. Xharrge in resistance is proportional to the amtfunt, of force ap- 
plied to the wire, thus presenting a> means to measure force if the propor- 
tionality constant is fcnown.- ' / 

Strain gages are constructed by attaching a length of wi\re to a piece 
of paper or plastic in sucH a way that no^pelative motion can exist between 
the two rtems. The supporting paper then is fastened to a load column that 
tsysubjectgd to deformation "when undergoing an applied force. , Bonded wire 
strain gages hatfe excellent resistance to vibration and mechanical shock. « 
They can be'covered with a protective coating for pr.otectiin from corrosive, 
atmospheres. Some xan even "be submerged ^in water., Li fe 'expectance can be 
long when care is taken that the device .is not* over-ranged or strained be- 
yond its elastic, limits A bonded wire strain gage is shown in Figure 15. 



- HOU8fN£ 



JLOAO COLUMN 



PRESSURE 
OR FORCE 




TO BRIDGE OR OTHER 
| MEASURING CIRCUIT 



CONDUCTORS 8TRETCH UNDER FORCE 
AND CHANGE IN LENGTtf AND RESISTANCE 



Figure 15. Bonded wire strain gage. 
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The electrical output usually creates a very small variable resis- 
tance. Total resistance of the device may be around 100 ohms, but varia- 
tions of less than one ohm may result from some applications* The problem 
of measuring fractions of ohms is solved by using d.c. resistance bridges. 
With good design and sensitive bridge detectors, accurate and reliable small 
resistance measurement is commonplace in the industrial .instrumentation 
field. 



PIEZOELECTRIC CRYSTAL 



A piezoelectric crystal is a device' made from Rochille salt. It is a 
'thin slice of quartz that generates a voltage when subjected to a force, 
^tofoen the crystal is distorted by<fcn applied external force, a voltage ap- 
pears at the crystal surface. The crystal has an extremely low power-gener- 
ating ability; therefore, the voltage generated is soon dissipated. Thus, 
yoltage appears more as a change in force rather than a static force mea- 
surement. * 

In industrial applications, charge ampl ifierst that can respond to . 
low-level signals are used to increase .the output of the force crystals; 
Applications involving the piezoelectric Crystal amd the associated 

amplifier are (1) vibration monitoring and detect/on asid, in some cases, (2) 

* /t • 

alarm circuits. A piezoelectric crystal is shown in Figure 16< 



PRESSURE AfFllEO OVER THE ARI 
RfiJULTS IN A FORCE APfllEO TO THE 
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— m^m^ 




Figure \6. Piezoelectric pressurerforce transducer. 



PROXIMITY AND LIGHT DETECTORS 



The proximity detector does not fit inft| the .linear- or rotefTnqiotjon , 
category - or even the motion-detector category. It is used to measure *the 

physical closeness, presence, or proximity of objects". The two types are 

* * 

the contact and the noncontact. Proximity detectors are usually digital- 
type signal generating .devices since the signal is ON or OFF or HIG^'or 
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•LOW - depending upon the absolute presence or absence of an object in the 
proximity of the detector. However, some detectors can monitor; the close- 
ness of an object. This type of proximity detector is usually the rioncon- 
tact type.* 

CONTACT-TYPE PROXIMITY DETECTORS 

Contact detectors normally have a lever of - some sort resting on the ob- 
ject or situated close to the object. When the lever is moved after being 
stroked by the object, ,a set of electrical contacts operates* thereby gener- 
ating a signal. This type of device is- commonly known as a limit switch. 
Limit switches are used in the process and m^ufacturing* industries to moni- 
tor valve positions as OPEN or CLOSED, to monitor assembly-line objects, and 
to perform other such functions. 

NONCONTACT-TYPE PROXIMITY- DETECTORS 

In some industrial applications, it is not practical to contact the ob- 
ject of which proximity is being measured. In such cases, a magnetic field, 
an ultrasonic, or an optical-»measuring device is employed. Air jets or air 
streams have been used. Perhaps the most common type of optical noncontact 
proximity detector is a ligtf£ striking a photocell. Presence or absence of 
the light will cause a switch to ber opened or closed and, thereby, sound an 
alarm or initiate control -circuit action. A very common utilization of this 
application is the automatic door that operates in supermarkets, hospitals, 
and so on. Such a device is shown in Figure 17. . 
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OUTPUT TO CONTROL 
OR DETECTOR CIRCUITS 



Figure 17.. Optical proximity detector. 
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When an object blocks the light beam from the Soured, the*'ab,sence of 
1 tight striking the photocell causes the ampl if ier output t6 decrease. This 
decrease in signal,, through a relay or another tyfte of switching device, 
generates an output that performs the desired function. The light need not 
be in the visible^region. Ultraviolet and infrared dptical de tectors 
are available. 0 

Industrial applications of optical-proximity sensors include optical- 
concentration analyzers. In these analyzers, the amplifier output is a pro- 
portional signal relative to the amount of light blocked or absorbed by 
material In the light beam. The property of the turbidity in water is often 
measured by flowing the water through a transparent cell and focusing a 

* light beam on the wall. The amount of light leaving the cell is a function 
of the amount of light absorbed or blocked by small, solid impurities sus- 
pended in the water. 

APPLICATIONS 

The previous discussions on detectors were concerned with an output 

• (usually -electrical ) that was generated or altered in some fashion by a 
change in motion, force, or some .other median on the input. The output sig- 
nal generated by the detector usually must be conditioned or, at least, 
scaled before it can be used successfully. When this is accomplished, the 
transducer input is used to produce a scaled output signal of sufficient am 
plitude and strength to perform a function. This describes a. sensor or 
transmitter. A pressure transmitter, for example, may employ any of the 
transducer inputs discussed and transmit a scaled 4-20 mA signal. A scaled 
input, 0-100 psig for instance,. can be used to produce' a 4-20 mA output. 
When this situation exists, the overall- device (the transmitter with the 
transducer input) performs a very necessary and useful function. At this 
point, a review of the block diagram in Figure 2 would be helpful to the 
student. 
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EXERCISES 



1. By drawing a sketch and using mathematical calculations, show how volt- 
age across a portion of a potentiometer is affected by the position of 
the slider. ♦ 

2. Explain how the principle established above can be used in process-raea- 
surement applications. 

3. Sketch and explain how the variable value of resistance of a potentiom- 
eter can be measured with a resistance bridge circuit. lt 

4. Explain the operation of the LVDT shown in Figure 5, and list the spe- 
cific function of each component. 

5. Compare the usefulness of the, LVDT device with that of a' variable- 
capacitance transducer with respect to the measuring circuit used. 
Compare the measuring circuit used with a variable inductor to th^t 
used with. a variable capacitor. What is the normal output of each mea- 
suring circuit? 

6. Draw a two-potentiometer measuring ciVoiit. Explain its operation, and 
list a possible use. . % - ~~ 

7 % . List a possible cause of nonlinearity in a variable potentiometer mea- 
suring circuit, and explain how this error can be reduced or elimi- 
nated. 

8. Explain how the velocity of rotary motion can be~measured by the fol- 
lowing: ' t m 

a. A flyball governor. f 

b. 'Ad.c. tachometer. 

9. How can the flyball governor be used to control the speed of a steam 
turbine? « . - 

10. Sketch and explain how a strain gage can be used for force measurement. 
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LABORATORY MATERIALS 



A differential -pressure transmitter, using a LVDT as the input transducer (a 

Foxboro brand). V 
A differential-pressure transducer, using a variable capacitor as the input 
r transducer (a Rosepiont brand). 

Instruction and, service manual with parts listTT^each instrument used. 
A manometer or test gage capable of reading 200 inches of water - 2%. 
A 0-100-V variable d.c. power supply. I f 

A time-base oscilloscope capable of frequency and vonage^ifieasurement in the 

audio frequency range and haying a sensitivity of 1 mV/cm. x 
A variable pressure regulator 0-20 psig with 1% regulation. 

A 0-50 mA current meter. s 

j 

Assorted wire, tubing, and fittings for calibration of the d/P celjs. 
A 0-20 psig air supply. 



LABORATORY PROCEDURES 



LABORATORY 1. OPERATION OF AN LVDT DIFFERENTIAL-PRESSURE TRANSMITTER 

1. Locate the LVDT on the differential-pressure transmitter, and identify 
the means by which a differential pressure produces a core movement. 

2. Using the electrical schematic in the instruction manual, locate the 
LVDT on the print and note the method of output generation* by coil 
position. 

3. Refer to the instruction manual and to Figure 18, and connect the d/P 
* cell to the prQper pressure and electrical connections for check-out 

and/or cajibration. 

4. Before turning on power supply, check instruction manual for the proper 
level, and set the voltage to adjust for this value. Apply thiSs volt- 
age to the d/P cell by turning on the power supply. 

5. Open both vent plygs on the d/P cell to apply atmospheric pressure to 
both sides of the capsule. 
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Ml LU AMMETER FOR d/P CELL 
OUTPUT14EASUREMENT 



I 

X 




, VENT PLUG 
CLOSED FOR 
OPERATION 



d/P CELL 



TEST CAGE OR 
MANOMETER 



VARIA8LE 
PRESSURE REGULATOR 




HIGH-SIOE 



"L_ 



VENT TO 
ATMOSPHERE 
.FOR CALIBRATION 



AIR SUPPLY HEADER * 

Figure 18. Experimental setup, for Laboratory 1. 

6. Use an oscilloscope and measure the oscillator voltage on the primary 
of .the LVDT. 

7. Use an oscilloscope to measure the output °of the secondary of the LVDT. 

8. Close t he-ven t on th e high-side, leaving the low-s.ide vented to atmo- 
sphere. With the variable pressure regulator/ increase the pressure to 
the high-side, applying a differential pressure to the d/P cell. Note ^ 
the change in the secondary output voltage and d/P cell output current, 
as read, in the output meter/ 

9. Reduce the pressure on the hfgh-side by adjusting the pressure regu- 
lator and Opening the high-side vent plug. 

10. Locate the zero adjustment and, if necessary, adjust for 0% output; 
"Most transmitters have 4-20 mA d.c. output; therefore, this value 

should be 4 mA. . ^ * 

11. 6lose the high-side vent plug and apply a pressure to the high-sftfe 

' that is equal to about half of the fuLl-scale adjustable range. The 
adjustable full-scale range will be listed on the name tag of the in- 
strument, with date and specifications pertinent to the d/P cell, flote 
the output meter indication. If full output (20 mA on 4-20 mA trans- * 
mitter) is reached before half the full-scale differential is applied, 
reduce the differential pressure to zero and increase the range adjust-* 
ment setting. If the full-scale output 'does not occur when half of thfe 
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* full-scale range is applied, reduce the pressure to zero and decrease 
the range adjustment setting. Continue this procedure until the full- 
scale output coincides with the pressure' of the half-full-scale range. 
12. Repeat Steps 9, 10, and 11 for complete calibration of the selected 
half-scale .value of applied pressure. • 

f 

LABORATORY 2. OPERATION OF A d/P CELL WITH A VARIABLE CAPACITOR^- - 

1. With the use of the instruction' manual and a d/P cell with a variable 
v \ capacitor transducer on the input, locate the input capacitor artd 

, ^associated measuring circuit. 

2. iNote the method of output generation by displacement. 

3. Repeat Steps^S, 4, and 5 of ^abowtory 1. 

4. Using an oscilloscope, measure th.e frequency of the variable frequency 
oscillator. The variable capa v citor having value changes as a result of 



inferential pressure is then connected to the tank Circuit of this 
, oscillator. . > 

5. Close the high-side vent valve, leaving the low-side vented to atmo- 
sphere. With the variable pressure regulator, increase the pressure to 

'"'the high-side, applying a differential pressure to the d/P cell. Note 
the change in the oscillator frequency that' occurs with a change in 
differential pressure.- 

6. Repeat Steps 9, 10, 11, and 12 of Laboratory 1. 

7. Procedures are now complete. Turri off the power supply, disconnect the 
d/P cell," and secure ^11 equipment* _ ' 
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GLOSSARY 



■ ' ' ' • • ; 

Linear motion: Movement along a straight line, \ 

Rotary motion: Movement in a circular path, 

* Sensor: A device that often uses ^ transducer as an input source' to gener- 
ate a scaled signal representing a measured quantity. 

Synchro: A rotary transducer that provides a transformation of angular dis- 
placement or motion to a proportional a.<y. .voltage or an a.c. voltage 
to motion. 

Transmitter: Same as sensor.it 
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Matching: Match the following terms with the appropriate definition: 
Force. 

Work (displacement or motion). 

Potentiometer. ~* 

Transducer. 

Flyball governor. 

Strain gage. . * 

Linear variable differential transformer. 

Transmitter or sensor. 
Synchro. 

♦ 

Tachometer. \ 



a. A device used to convert one form of energy to another more useful 
form. 

b. \ An instrument that generates^ scaled signal from a transducer input 

c. A rotary transducer that provides a transformation of angular 
displacement or motion to a proportional a.c. voltage. 

d. The ability to do work. y 

e. ^ Force operating through distance. m * % 

f. A variable resistance device.' * 

g. A variable inductance device. 

h. Produce a change in resistance when under force .or stress. 

i. Measures circular velocity, 
j. A mechanical tachometer. 
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INTRODUCTION 



When control systems, were first iJeing developed,. mechanical .and hydrau- 
lie mechanisms were the modern-day marvels of a young industrial era. The 
f,irst automatic feedback control system ^was introduced in 1774 vyjien Jambs - 
Watts used a device to control the speed of his steam, engine. Oliver Evans - 
used the same technique 10 yearS* later to automatically control a flour mill 
in Phjladgphia. As .other industries began to develop, the need for^auto- 

matit control systems grew; and, by 1930, direct-connected process instru- 

* **** * /^L * 

nfents we*re bfeing adapted to process control systemsTv rh the 1940s, inore 

complex control systems were developed, alqng with transmission lin^s that 

were use<ftto co/inect local field-mounted instruments to central ly-located 

control houses. Pneumatic control* systems were popyl ar in this decade and 

reached their "peak "of development in the mid-to-latje 1950s - when electronic 

control instrumentation development began. With the widespread use of 

so*yd-state electronic$dev1ces and the development of integrated circuits 

and micro-electrpnics iq_the l|te 60s, obsolescence was predicted for the 

pneumatic instrumentation industry. However, because of some distinct 

advantages, pneumatic instrumentation continues to be^widely .used in the 

. control industry. \ 

This module explains the .operation and ase of pneumatic instrumental ■ 
t*ion |md control systems. Advantages and disadvantages of pneumatic devices 

, #*e discussed, ( as vfelJ £.s staodard applications and latest developments-. 

4 < PREREQUISITES 



v 



, *The student should have a basic understanding of algebra and [ihysics- 

• and should have completed Modules LC-01 through Id-05 of instrumentation and 

- p **** • . - • : 

^' .Control sr . c \ * • f* 
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Upon completion 


of this module, the student should be able to: t 


1. 


Define the foil 


owing component parts of a pneutoatic transmission sys- 


1 


tem: 




• 


•a. Flapper. 






b. Nozzl-e. 






c. Restrictor 


•v ' 

• 


* 


d. Relay. 


V 

V 




e. Feedback bellows. ^ \ 




f. Variable-gain uni.t. ... - *\ 


2. 


Explain- the operation of a pneumatic transmitter to measure the follow^ 




ing variables: 




< 


Temperature. 




b. . Level. 




/ 


c. Flow. ■ 






d. Pressure. 


* 


3. ' 


Identify the component parts of a pneumatic transmitter. „ 




Explain the check-out and calibration pr^edures of a pneumatic trans- 




mitter. 
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". • • •• PNEUMATIC TR-ANSMITTERS - FORCE BALANCE -TYPE 

» 

Pneumatic instruments have been designed to perform almost any function 
that can be accomplished by &]ectrical or el ectpeni^ instruments. In pro- d 
tess-cpntrol applications,* common uses of pneumatic instruments are as 
transmitters an^d control lers/^ These instruments are transducers that con- 
vert mechanical motion to a p/essure signal. A blooi^^iagram <5f a pneumatic 



transmitter is. shown in Figured.. 




PRESSURE 



SCAlED 
PNEUMATIC 
SIGNAL 



C 



_ PNEUMATIC 
TRANSMITTER 



Figure'l. Block diagram* of a pneumatic tr^^ikitteta 



Pressure elements, as discussed in Mo t du>e IC-A2, *a re .used, to' convert 
pressure to mechanical motion. Because many types ai^avai labl^, a review^ 
of their operation is recommended. A fevieft'iQf "flo4ule$ 1C-02, IC-03, and 
IC-04 will refresh the memory concerning the 'principle pf^process measure- 
ment whereby fluid flow, pressure, temperature, and'JJquid level cao^all re- 
art on a pressure element to produc'e movement. This movement is then con- 
verted to a scaled pneumatic signal by a flapper-nozzle mechanism. v 



ft 



FLAPPER-NOZZLE 

All active pneumatic devices (those that generate a scaled signal for^ 
"Transmission) dse the flapper-nozzle. This mechatfrsin i$ shown in Figurej2. 
The^air supplied through the fixed restrictor and nozzle is 'constant for a 
given amount of clearance between tTie flapper and nozzle. .When the flapper 
is*closer to the rrozzle, the flow is less because of the increased restric-' 
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tlon. When the nozzle 'is moved farther away from the nozzle, the air flow 
will be greater 'because of the increased' flapper-nozzle clearance. There- 
fore, the air ulow through ths ndzzle'.is .a 'function of the flapper position 



NOZZUETRESSURE 



PRESSURE ELEMENt 





FIXED 20 wg Aip SUPPLY 



>^ AIR HTOW 
THROUGH NOZZLE 



FP^PP^R TRAjVEL 

*? • . 



•FLOW BESTRICTION \ 



PROCESS MEASUREMENT APPL1ED~HERE 

Figure 2.' Flapper-nozzip mechanism. » . 

as it relates to the nozzle.^. This "process is a result of the movement of 
the pressure element, and the movement is a function of the *proce$s jpe/isure- 
ment applied to the pressure element. Because of this/a change'in .process 
measurement produces a change in the rwzzle track-pressure. - To'detect very 
small changes in flapper movement" and small .changes in thq element fesponse, 
it is necessary to detect very small changes in nozzle back-pr'essure*. For 
this reason, nozzle pressure is amplified,* The. amplified nozzle ^pressure is 
the output of a pneumatic transmitter. It a .scaled signal representing a 
process quantity. A pneumatic relay ,' tike the one sho^n in Figure 3, is 
.used to amplify the nozzle back-pre&ufeu In action to amp'Tffying nozzle 

pressure, the relay increases air valume of the/irvstrurtent 's output. 

j * • 

Without this boost in volume, the output pressufc^ change would be sluggish 
because all of the output air would hava to flow through the r restriction in 
the nozzle tube, ijust is rati^jrfj increase in .pressure would be limited' by 
the constriction, of air flow, the d^crea^se*in pressure would similarly be 
limited by the 'slow rate of air flow through the'nozzle to the atmosphere. 
The relay overcomes these limitations. t ; 
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AlRJjJPPLY 



AIR-SUPPLX 
CHAMBER " 



REDUCING TU8E NOZZLE (TQ FLAPP5R) 




CONTROL 
RELAY 



BALL SEAT 



VALVE SEAT 



FLEXIBLE ' 
OIAPHRAGM 



EXHAUST PORT 



r 



Figure Pneumatic relay schematic. 



•J*j5lay 

An increase in nozzle pressure applied to one side of the relay *dia- 
"phragm causes, the draphragnfto moye? to the left {Figure l 3).^ This movement 
positions the ball' farther away froiji the ball seat and aTlows more air. to 
flow from the relay. The output pressure is also applied to the side of the, 
diaphragm.-opp.os4te to the nozzle pressure.. This increases the. pressure on 
that side of the diaphragm and opposes the nozzle pressure. The pressure. 
\dbes not byifd up to t'he full output pressure because the exhaust port vents 
the pressure, to the atmosphere. * For any given flapper-nozzle relationship, 
the" diaphragm is in 'a state of* equilibrium with equal pressure on bdth 
sides. The diaphragm will move the ballvin th^correct direction and by tlte 
amount required to provide equilibrium. ■ * »•' 
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A decrease in nozzle pressure, caused when the flapper is positioned 
away from the nozzle, will cause the- diaphragm to move to the right. This 
movement causes the spring to position the ball more toward. the seat. This 
reduces the air flow from the air-supply chamber to the output port. This 
reduction, in turn, reduces output . pressure until the pressure on the dia- 
phragm is again equal on both sides. When the ball is positioned to allow 
more air* to flow from the air-supply chamber to the^utput port, the valve , 
is positioned closer to the seat, thereby reducing the amount of air flowing 
into the exhaust chamber. Conversely, when.the ball is moved closer to % the 
seat, reducing air flow into the output port, .the valve moves farther from 
the seat, allowing more air to flow from the output port to the exhaust - 
port. 

The output port will be connected to another pressure element in a 
receiving instrument, and there will be an air flow from the air-supply 
chamber to the input port only long-enough to reach a state of equilibrium 
after a change in nozzle pressure. Air flowing from the output port ^to the 
exhaust port, vyhich is regulated 'by the valve positio'n with\ respect to the 
valve seat, is constant for'every condition of equilibrium. This will 
change only when the nozzle pressure changes. Air fl^ow ^rom the input port 
to the exhaust port will increase with a decrease in nozzle pressure, and 
decrease with an increase U\ nozzle pressure. 

The reducing tube that controls'Sir flow through the nozzle also limits 
the "flow to just the am.ount that can flow through the nozzle when the 
flapper-nozzle clearance is greatest. 

• The gain of most pneumatic amplifiers is usua.lly about 15 f >e-20. A 

very common amplifier uSed in many "industrial instruments has a gain of 16. 

* * 

For this relays ~a change in nozzle pressure of 0.75 psig results in a change 
in output of 12 psig. This.output charnge- r,e$jlt's from about tf.OQjS inch of 
flapper travel. Figure 4 illustrates a pneumatic relay. 
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Figure 4. Pneumatic relay. 



Feedback 

As noted previously, flapper travel require^ to generate a 100? output 
span (12 psig) is v^ry ^nall. To*- el imi nate erratic output responses by * 
increasing the stajtflity of pneumatic devices, a technique of applying nega- 
tive feedback ,ttf / the flapper-nozzle mechanism is used to achieve an opera- 
tionCpnncipfeVknown as force balance operation. This principle is illus- 
trated in the. tetafcerature transmitter shown in Figure 5. 

The two forces acting ,on the force bar (Figure 5)f are balanced to 
create an equilibrium Condition in such a way that uiere is no movement of 
the bar for a siab/e operating po^ n t. When temperature of the bulb in- 
creases, the meaairement bellows 1 expands, increasing the mea?urefnent force. 



Feedback force here varies with 
flapper-nozzle distance n 



20-PS1G 
SUPPLY 




MEASUREMENT 

BEUOWS , CAPILLARY TUBING 

/ . 

MMM&i &rtT& v y S^^'^^^.^ i TEMPERA- 
BULB 



FILLED 
THERMAL SYSTEM 



ne^surement force here varies withr 
temoerature of the bulb 




Figure 5. Force-balance temperature transmitter* 

This causes the force bar to rotate in a clockwise^ di recti on around the 
pivot point, or fulcrum*. ,This action brings the flapper cl,oser to the noz- 
zle anjdj.increases the nozzle back-pressure which is amplified by the relay. 
The resftlt is'an increase in output pressure, which is then applied to the 

feedback bellows* .This increase in pressure causes a force^pn the force 

», » 

bar - which results in ^counterclockwise rotation. .The force applied^ 

the feedback- bellows will be sufficient to restore the force bar to 

^aillhriunL. (11a jnovementX. _ . — : . 

* *■ • 

The force bar (flapper) is sliglffrly closer to the nozzle, and outpyt 
pressure has increased to a new level thai 4s proportional to the tempera- 
ture that caused the increase in measurement force. In the force -balance 
terminology, the initial measurement force is the force/ and the resulting 
force generated by the feedback bellows is the balance. For every change in 
temperature; an output will be produced and applied to the feedback 4 bellows 

that will counter* the initial measurement force. -It can be seen that 

** • • 



Page 8/IC-06 



186 



the amount of balance needed to counter a given measurement force will be 
governed by the fulcrum location along the force bar. In practice, the ful- 
crum point i5 adjusted to establish the jtechanical advantage of one bellows , 
in relationship to another in order to set the measurement ^pan of the 
instrument. 

Force Balance Differential -Pressure Transmitter ^ ^ 

The pneumatic d/P cell shdwn in "Figure 6 is used in many industrial 
applications to measure fluid flow, liquid level, and pressure. The process 
is connected to the low- and high-pressure connections of the instrument.. 
The pressure connection arrangement must be such that one pressure piust 
always be greater tiian the other. This causes the d/P cell output always to 
be positive with respect to, a reference level. 
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\ 
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« Figure, 6. Pneumatic d/P cell.,, 
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When pressure or the high-pressure connection is increased, the capsule 
(which separates the high- and low-pressure chamber^) flexes slightly and 
moves to the right. This causes the upper portion of the force bar to move 
to the left, bringing the flapper closer to the nozzle, thereby increasing 
the nozzl-e back-pressure.. After -being amplified by. the relay, this pressure 
increase is Applied to the feed ba^pk-Jjel lows, creating a .balance force that" 
affects the initial change in measure force on the capsule. Therefore; out- 
put pressure of the d/P jcell is proportional to the differential pressure on 
the capsule. 

' it 

The range wheel or span adjustment can be moved. up or cfoWn along the 
range rod Jo change the mechanical advantage of the feedback op -force bal-' 
ance system. 

Assuming an initial stable differential pressure. QCLJtiie^Qapsule and an 
instrument output in the operating range .of 3-15 psig, a^change in output 
will occur only when the differential pressure on the capsule is great 
enough to create a force on the force bar that is sufficient to overcome the 
force exerted by the feedback" bellows. When this is the case, butptft' will * 
change and will continue to change until the force applied by e the feedback 
bellows can restore a st^ejyl^ equilibrium on the force bar. When the range 
wheel is. at the bottom of the force bar, the mechanical advantage cff the 
feedback bellows is the least. Therefore, smaller force is required to 
dvertome the force of the feedback bellows and to position the flapper with 
respect to the nozzle. This condition represents a low range -'set' ting of the 
instrument. When the range wheel is at the top of the range pod, this in-^ ■. 
strument is set for^nigher range of differential pressure* Commercial, d/P 
celWare available with adjustable ranges from zero to several hundred 
inches of water pressure. ^ . 

Pneumatic differential-pressure transmitters, Tike most pneumaticon- 
struments, v have a standard output range of 3-15 psig. The "live zero" of'3~ 
psig is desirable because lag'^feftoe in transmission lines is reduced yfrom 
what it would JSe if the Tine were empty at 0 psig. In addition i|^s 'easier 

f • - , . 
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to :, detect a "dead" instrument, or one that has no output in case of system 
m malfunction. * - 

To determine the relationship between process measurement and ,a trans- 
mitter output; standard scaling and spanning procedures are used. That is, 
percent of process measurement cbrresponds to an equal percent of trans- 
mitted signal. This will be illustrated by Examples A and.B. 



EXAMPLE A: DETERMINATION 01 OUTPUT VALUE. 



Given: a. Input range of yfi/P cell is 200" of water. 

b. Output range \f the standard 3-15 psig. * 
Find: The output value Corresponding to 35". 

on: a. The percent of - input rangeHs: ,— 

35/200 (100) = 17.5%. \_ - * 

b. The output range is 15 - 3 = 12 psig. 17.5% (12 psig) = 2.1 
psig. This is the amount of'oOtput caused by 35-" of differ- 
ential. The actual output value is 2.1 psig above 3 psig, 
(zero reference level), or 5.1 p^ig. 



"Siojutii 



EXAMPLE B: DETERMINATION OF APPLIED DIFFERENTIAL. 



Giv6n: The input range" of a pneumatic d/P cell-Js 15Q". 

Find: Differential applied. to the instrument when the-/output is 7.4 

. ' psig. i * 

'Solution: a. ' To find the output a§ i result of differential pressure 
' 1 applied, the zero reference level of'3 psig is subtracted 

from the output." 7.-4 psig - 3 psig = 4.4 psig. 

b. The 4.4 represents 36.6% of the total output 

( 7 * 4 " 3 ) 100 = 36.6%. . 

V 15 - 12' - . « - 

c. The inpufe that caused tji4s response in output is: 
(150" water) (36*6%> = 54.5" wat'eX^ ^ 
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The pneumatic differential -pressure and temperature transmitters dis- 
cussed are only two of several types of pneumatic transmitters in use in in- 
dustrial applications. AT 1 operate^on the following force balance, or motion 
balance concept* A change in measured variable changes the flapper-nozzle-' 
relationship, generating an output response that then is applied to a feed- 
back bellows. This results in a balance that is equal to and opposite the 
initial measuring force. 

PNEUMATIC CONTROLLERS - FORCE BALANCE TYPE 

In^spite of the many recent advances in control hardware, the princi- 
pies involved in automatic feedback control that were first developed by 
pneumatic feedback controllers are still valid and presently being em- 
ployed. Even in direct digital control applications where a computer solves 
a control algorithm to control a variable, the procedures involved are simi- 
lar to those performed by a' pneumatic feedback controller. The major dif- 
ference in the two. operations is the speed of response: the computer is 
much faster. Although speed is- an important consideration in fast-acting 
processes-, sophistication beyond that of a pneumatic analog controller is 
seldom used. However, the discussion at this point is not "designed to com- 
pare the two methods of control, but to provide a basis for the understand- 
ing of controlprinciples. Pt is felt that this can best be cfo'ne by pre- 
senting the operation of a pneumatic controller. ,When confronted with other 
control" methods, one realizes that identical functions can be performed by a 
lass complicated pneumatic controller, as shown in Figure 7> 
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' ' Figure 7. Piieumatic' controller. *« 

The purpose *of. a controller is to balance supply and demand in a pro- 
cess at*a desired" condition. The principle was discussed in Module IC-01; 
therefore, A review of that module is recommended at this time. A process 
supply # and demand is achieved when the set point and process bellows in^th 
controller generate equal% forces- on the force, bar to produce an equilibrium 
state. When this condition is met, the force b*ar will be stable and the 
flapper-nozzle relationship will be such that the controller output is post- 
tionlng the control valve to maintain the process at set point. A load 
change or set-point change will upset the equilibrium and cause the force 
bar to move. This changes the flapper-nc^le relationship, and theh the 
controller output changes. . * ^ ' 

As-sume that the -control ler fn F4gure 7 rs controlling a level process 
and that the pressure in all bellows is such that -the force bar' is in equi- 
librium. If the controller output were connected to a valve, adding mate- 
rial to a level process, the valve would.be positioned by the controller to 
manipulate ; the liquid supply to tfie level process equal to the material 
leaving the> process. If flow that goes out of the process is the ldad or 
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demand, and the controlled flow that goes in is the supply, the level will 
be maintained when the two flows are equal. The controller's function is to 
maintain this condition. . * • „ 

If one desires to increase the control point of the level in the pro- ^ 
cess, the operator can increase the controller set point to this new desired 
value. The controller - if it is performing its function properly - would 
position the 'control valve "to increase the**" How of material to the process 
to increase the level ,to the desired control value as specified by the set- 
point. 

Note that in Figure 7 an increase in the set point to the % control ler 
(that is, an increase in, pressure In the set point bellows cause* by chang- 
ing the set-point regulator) will cause the force generated' by the set-point 
bellows to overcome that of th^ process bellows, causing the force bar to 
rotate counterclockwise. This will position the flapper closer to the noz- 
zle "and cause tl^t controller output to 'increase.' The output will increase 
until a force is generated* by the feedback bellows to balance the force tha> 
produced the output. The force balance principle still works. As explained 
earlier, the increased controller output wi^l position the yalve to increase 
the level. • I ( . ' - 

1 

PROPORTIONAL CONTROL MODE . j .' & 

4 

- Some processes can «absoFDMa^ sudden energy bursts; whereas others 
would be driven beyond control point(byjSu^)*changes. Recall from Module 
IC-01 that acontroller must add 'material of energy to a process,at a rate 
* to which the. process can respond'. For example, the temperature of a shower 
cannot be /controlled within tolerable limits by turning either the cold or 
hot, water off. and on^ "A bathtub, (with proper mixing), can be oyitf oiled by 
0,N-0FF operation of either the tiot or Cold water valves. , r 

Industrial processes vary. in dynamic characteristics; and, to balance 
the process supply with^the process demand (load) , -controllers also must*, 
have different, dynamic characteristics. The most, important N^ontroTle^ char- 
acteristic is the gain. Gain of a controller de^erm^es the' relationship 
between the controller input and output. ) Assuming tffi? $et-gotnt val ve is 
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held constant (Fi'gOre 7), contrpller output is a function ^of the flapper 
movement caused by the process bellows. ,If the fulcpum i£ moved to the left 
(lower gain), the mechanical advantage of the feedback bellpws is greater 
and a smaller force. is required to balance a change in force caused by the 
process * bellow^. Conversely, wK^the fulcrum i|^ moved to the right (higher* 
gain), a larger balance force is required. Since the balance fo*ce is pro- 
vided by the pressure in the feedback bellows and. a greater output, is re- 
quired for a greater force, the controller gain is varied by moving the ful- 
crum.. Moving the ttffcrum establishes the. mechanical advantage of 'the feed- 
back bellows ^for the parallel lever-type controller (Figure 7)-. i ' 

A proportional controller will have a fixed output that is determined 
by the controller gain and the error signal on theMnput. 'This is the dif- 
ference in pressure on the set point and process bellows. This difference 
in pressure, or deviation, is called the error signal. The error signal is 
necfesarry for any controller action. The output of a propbrtionaTcon- 
troller is equal to the error signal multiplied by the controller gain 
(Equation 1). 

Output ^of Proportional Controller = (PV - SP)'(Gain) Equation 1 

where: PV = Process or* measuced variable. 

. i SP = Set Roigt. * ' 

- .--"If Tload change on\a process required a 10% changte in controller out- 
put to position the valve enough for the supply tq again- equal the process 
demand or load, the amount Of process change required to create an. error „ • 
signal large enough to°produce the 10% change in output would be determined 
by the controller gain setting (Equation 1). ' * . 



Output = Gain (PV - SP) 

anal! 



= Gain' (error signal ) * 



When the SP value is constant, the error signal can only be a result of 
a deviation in the process variable. The following is offered as an example 
(£xample C)_: w> , 
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EXAMPLE C: CHANGE IN PROCESS VARIABLE. 



Given: A controller has a gain of 0.5. The required, controller output to 

compensate for a load change oa the process is 5%. 
Find: The change in process variable required to produce the desired 
output. 

Solution: The error signal listed in Equation 1 will t?e expressed as a pier- 
cent that is equal to the amountof change in process variable 
required. 



, ? Output 5% 
Error signal = —4 — 3 tt-p 
Gain 0.5 

= 10%. 



As shown in Example C, when gain is decreased, the required deviation 
to produce a given output increases. Thus, the need for automatic reset 
increases with low-gain controller applications. * 

In situations where a low controller , gain is necesary to maintain pro- 
cess, stability, a condition known as residual offset will result. Residual 
offset {^characterized by a variation between the process variable and tfie 
set point after a response' to a' process disturbance or load change* An 
example of thi$*would be: 

A water tank employs a proportional pneumatic control le? 
~to regulate the water Tevel to a depth of 15. feet (set. 
point). The controller has a low gain;* thus, when there 
is a sudden change in the amount .of water flowing from 
■ cthe tank, the inlet valve does not open until the level 
of the water had dropped several feet. This depressed 
I6vel will be maintained until a decrease dem'and causes 
the input to fill the tank faster/ thus causitfg the pro- 
cess variable to approach the set-point levels 
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PROPORTIONAL PLUS RESET CONTROL • « . . 

From the previous .discussion, one can see that a control action that 
will cause the controller output to continue to change is needed to elimi- 
nate the residual ^ffset.. This function is provided- by the reset control 
mode , which repeats the proportional output until the residual offset is 
eliminated. Reset units' arp expressed as minutes per repeat, or repeats per 
minute, where the term "repeat" refers to the proportional outqut. 

The controller in Figure 8 is like the proportional -only controller in 
Figure 7, except that a reset/and derivative control mode is added. This 
type of controller is commonly referred to as a PID controller. The'"r 
refers to integral ,,whtch is the same as reset. 

To explain operation of the reset portion of the controller, assume 
that the restrictor oh the derivative portion is fully open,, reset restric- - 
✓tion is partially ripen*, set-point bellows pressure's equal to the measure- 
ment bellows pressure (9 psig, for, example) , ancJ the control ler is in equi- 
librium wih a 9-psig output; Suppose, then, that a load change on the pro- 
cess occurs - an increase', for example, which would" cause* the pressure on 
the>easurement bellows to increase. This sequence of events would cause- 
the force bar to rotate counterclockwise abouj the fulcrum, thus positioning 
the flapper closer to the nozzle. Output would increase because of the in- 
crease ,in riozzle backpressure, and the increase in output would 4 continue, 
until 'the pressure, on the feedback bellows is great enough to create a force 
on the force~bar to offset the initial change in. force created by the mea- . 
suring bellows. The procedure jjist described defines proportional action of 
a force balance controller. With a proportional-only- controller, the output 
Change produced by the increase if) process measurement would establish a new 
equilibrium condition on the controller, and the output would, be stable at 
this ftew value. With reset, action, however, the controller is not in a 
stable" state after the proportional output* has 'been generated* The reset 
'mode will continue to change the output. 



t 

1 lC-06/Page 17 

195 



> / 



FROM PROCESS 
MEASURING TRANSMITTER 



AIR SUPPLY 
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BELLOWS 
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Figure 8. Proportional -plus-reset-plus-derivative controller. 

Before the change occurred in the process measurement, the controller 
was in a stable state. The pressures in the feedback and reset bellows were 
equal. The proportioning action of the controller - after the change fn 
process measurement - increased the pressure in the feedback bellpws. At 
that instant (at the end of the proportional action) the pressure- in the 
feeclBcick bellows is greater than that of the reset bellows. This is because 
of the -reset restrictor, which limits the flow of air from the output* line 
into the reset bellows. As air continues to flow through the reset .restric- 
tor, pressure in,£h^ reset bellows will increase, moving? the flapper closer 
to the nozzle. /This/move will cause controller output to increase ^eyond i 
the initial p/opop€ional output level; The resfc^aetion opposes the' opera- 
tion of the negative feedback, or proportional ^bellows, dnd, in effect, pro- 
duces positive! fefedJjack in the Balance portion of "the controller. This ad-^ 
ditional reset \p ut Put will continue until the process ts returned to set 
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point - at wh.ich time the pressure in the reset be'llows will equal that in 
the feedback bellows. The procedure of. setting the reset restrictor at a 
value that will allow the process to change in accordance with the reset 
output will be discussed in a later module of this course. 

A decrease in process measurement will cause a decrease in controller 
output: first by proportional action, then by reset. Instead of pressure „ # 
building up in the reset bellows over a period of time to increase output, 
pressure in the bellows and the reset capacity tank must decrease and cause 
a continuing decrease in controller output. 

When the reset restrictor is fully OPEN, the contoller operates as a 
high-gain controller. When the reset restrictor is fully CLOSED, the con- 
troller acts as a -proportional -only controller. ^ 

PROPORTIONAL-PLUS-DERIVATIVE CONTROL 

The derivative control mode is needed in most temperature processes 'to 
increase controller output beyond the proportional level to overcome thermal 
momentum of the process and equipment. The need for derivative occurs whep 
the process is changing* from set' point; arid it is greatest when the process 
is changing at a high rate of speed. Because the derivative control mode \ 
operates on the rate of cfiange of the process variable, it is sometimes % 
called rate. \ 
In explaining the j)peration of the derivative control mode (refer to * 
Figure 8), assume the controller is in equilibrium, with all forces balanced 
and with a stable output. The adjustable derivative restrictor is partially 
OPEN. An increase in process measurement will cause an increase in output 
as a result of- proportional action. The derivative restrictor will delay 
negative feedback of the feedback bellows by restricting air flow into the 
bellows. This will cause the output to be greater than it would be Vfith 
proportional action only. The controller acts as if it -were operating at a 
different gain caused by the delay in negative feedback.* The ^amount of de- 
lay in negative feedback is determined by amount of restriction in the air 
flow to- the feedback bellows/ The derivative control mode will respond only 
to a rate of change of error signal (the difference in process measurement' 
* and set point), because the greater the change, the greater the pressure drop 
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across the derivative restrictor.* Amount of derivative output is determined 
by the setting of the derivative restrictor. As witFi other control-mode ad- 
justments^ this amount should be matched to the process. These adjustments 
are made when tuning the controller. 

» 

CONTROLLER .ACTION . 

Controllers may be either the direct-acting type of the Teverse-acting 
type. This concept was covered in Module IC-01. A direct-acting controller 
will have an increase in output, with an increase in process measurement. 
Reverse-acting controllers will have a decrease in output, with an increase 
in process variable. The controller in Figure 7 is a reverse-acting con- 
troller because^it shows an increase in pressure on the measurement bellows 
moving the flapper away from the nozzle and, thus, decreasing the controller 
output. The controller shown in Figure, 8 is a direct-acting controller be- 
cause it shows an increase in process measurement, causing an increase in 
^he controller output. Controller action can be established by instrument 
connection or, more commonly, by a switching block that selects the desired 
pressure-bellows orientation. ~In some controllers - usually the motion bal- 
ance type - the action is determined by positioning the nozzle with Respect 
to the fulcrum of the force bar. 

CONTROLLER SPECIFICATIONS 

Most industrial process controllers can be purchase^ with the following 

options: 

• Proportional-onVy. 

• Proportional-plus-reset. 

• Proportional-plus-deri vative. m 

• Proportiqnal-plus-reset-plus-derivative.# ( 

Proportional-only controllers seldom are used because of. the residual offset 
in such applications - even with high controller gain. -Derivative control- 
lers are used most often with temperature processes. The reset and deriva- 
tive control modes' are independent of each ot her. Although processes that 
require derivative controllers will operate at a moderate-to-high gain, they 
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will still need reset; therefore, PID controllers are^used. The selection 
of control modes for controller applications usually Will be either, propop- 
tional -plus-reset or prqportional-plus-reset-plus-derivative. When. specify-, 
ing controllers .for, process control applications, it is best to have the 
control-mode option available. If, when putting the controll-ers into opera- 
tion, it is determined that reset and/or derivative is not needed, these 
control modes can be eliminated by adjusting each mode for the minimum 
amount:. 

# * 

MOTION BAUNCE PNEUMATIC INSTRUMENTS 

' The force balance pneumatic instruments that have been discussed comprise 
one broad classification of pneumatic instruments. Motion balance instru- 
ments - divided into angle-motion and linear-motion types - -are Another 
classification. Motion balance instruments generally perform the same func- 
tion and share similar operation principles with force balance instruments. 
The angle-motion" type of motion balance instrument is the more popular of 
v the two. s . - 

ANGLE-MOTION BALANCE INSTRUMENTS., 

A fundamental, Type 3, angle-motion balance mechanism is shown in Figure 
9. The measurement motion is produced by" a pressure^! ement connected to 
, the process, ?*hd the balancing motion is produced by the generated output. 
The detector, a flapper-nozzle arrangement, is positioned to detect any dis- 
placement of the floating lever. 

To understand the operation of the mechanism in Figure 9, assume, ini- 
tially, that the system is in a stable. and balanced condition with a steady 
output. An increase in the measurement signal will rotat^ the" fixed mea- 
surement level counterclockwise, thereby lifting one end oKthe floating 
lever that rotates' about the balancing floating/pivot. This raises the cen- 
* ter portion of the floating lever. The (ietector responds to this displace- 
ment of the floating lever by decreasing the output pressure - which then is 
applied to the spring-opposed -feedbac^bel lows. This decrease in output 
pressure produces a change in the balancing motion and, thus, rotates the 
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balancing lever counterclockwise. The balanced end^of the floating lever is 
lowered, balancing that*'end of the lever. Recall that^ the measurement sign- 
al initially raised the measuring floating point, thereby raising the center 
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Figure 9. Type 3, Angle-motion balance mechanism. 



portion of the floating Jever. This action generated an output, which 
created a balance motion that offset the initial measuring .force* Negative 
feedback is still working. % 

The motion balance transmitter just described (Type 3) generates a 
pneumatic output proportional to a measurement input motion. Therefore, 
output is proportional to input. This action fulfills the purpose of a 
transmitter - which is to convert a measurement to a proportional pressure. 

Besides' the Type 3 motion, balance mechanism, Type 1 and Type 2 * * 
mechanisms are also available. Type 2 has one fixed pivot and one floating 
pivot operating the floating lever. Both floating- and fixed* pivot points- 
are eliminated in the Type 1 mechanism. Types 1 and 2 mechanisms are shown 
in Figure 10. Operation gf these devices is 'Similar to that of the Type 3 
system; therefore, further discussion on the operation is not necessary. 
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Figure 10. Types- t-and 2 angle-motion balance systems. 
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SIGNAL TRANSDUCERS 



Many control loops utilize both electronic and pneumatic Instruments. 
A diaphragm-operated control valve, which is positioned by a proportional 
3-15 psig'signal , .is used* as the final control element in most 
applications. Wl*en electronic transmitters and controllers, are employed, it 
is necessary to convert the electronic signaWrom the controller to. a/ 
'proportional 3-15 psig signal. A current-to-pressure transducer^l/P) is • 
used for this purpose* 



CURRENT-TO-PRESSURE TRANSDUCERS 

The block diagram in Figure 11 shows^ an application using an I/P trans- 
ducer. The operation of the force balance I/P .transducer in Figure 12 is 
similar to the other force balance, di scussed. The signal from the control- 
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ler appliecj to an electromagnet creates the measuring force on the' force 

bar, which is rotated clockwise about'the point. The .flapper is positioned 

* « > 

toward the nozzle, increasing the back-pressure and output. The, pneumatic 

.output is applied to' the .feedback bellows, creating a Salance fdrce on the 

force bar. For any particular i npujt f and corresponding output, the force* bar 

'is in equilibrium. • * 
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Figure 11.' Appl-ication of a current-t^pressure transducer 

in "a control loop. 
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PRESSURE-TO-CURRENT TRANSDUCERS ■ ; . 

Though'not as common asf I/P transducers, P/I (pressure-to-current) 
transducers ''sometimes, are used in control loops. A paeumatic transmitter 
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may be used, and- the 3-lS>psig signal could be changed to a 4-20 mA signal 
for an electronic controller. Then, controller- output probaferly would be 
'converted back to a'pneumatic ?ignal to operate a^yalve. .This, double con- . 
.version is nat -feasible, but it m*y be necessary in .some" appj ications. 

Operation of P/I transducers utilises a force'balance principle. The 
input pneumat\d signal is applied to a pressure element that moves the con-- 
tact on a variable resistor, thereby -changing a^ current value. The current 
changes thre strength" of an electromagnet to provide a balance force to off- 
set the measurement force of the pressure element. 

GENERAL APPLICATIONS OF PNEUMATIC INSTRUMENTS 

Two major advantages of pneumatic instruments are their simplicity and 
their reliable, safe operation. They can be used in hazardous explosive at- 
mospheres Where electrical and electronic instruments could igni-te an expTo- 
sive mixture and cause an explosion. The greatest disadvantage to the use 
of pneumatic instruments is their slow response time ,when cofiiparectjto their 
electronic counterparts. , - * 

TRANSMISSION LAG • . ' ^ 

transmission lag in pneumatic instruments is ^TfTfe time required for a' 
pressure change at' one end- of th^line to effect a response on the receiving 
end. Of course, to reduce the overal") , instrument* response time, the trans- 
mtssion lag time should be held_iQ_a minimum; This can be done by reducfng 
tfie volume of -the liae'and of the receiving instrument and t by ke'eping the , 
transmission distance to a minimum. Standard transmission line size is 1/4" 
inside-diameter {ID) tubing, anti the terminating yolume of.tfte receiving in- 
strument' shoul d be no greater than two-cubic inches fcfr ipinimum acceptable 
' and reliable results* Maximum transmission distance depends-tipoir speciffc 
.application, but it- is generally less than 2,000 feet. To reduce- the effect 
• of transmission lag time, volume boosters and valve positioners should be 
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Volume Boosters 

* A volume booster' relay-operated^ dei vce that maintains a pressure 
at the receiving end hf a transmission line by using a supply "at that end. 
This reduces the time required to maintain a pressure at the receiving end 
from a supply at the transmitting end. Fi.gure 13 illustrates the principle 
of a volume booster. Thy much-reduced air flow through the transmission 
distance greatly reduces the time required to maintain transmitted pressure 
at the receiving end. 



PRESSURE AT 
TRANSMITTING ENO 



EQUAL PRESSURE 
AIR SUPPLY 





transmission distance 

Volume booster 



r 



PRESSURE AT 
RECEIVING ENO 



Figure J3. Block diagram of volume-bopster application. 

•Valve Positioners ' j • . 

* * » -* 

Pneunjatic control valves - particularly those with 4arge diaphragms - 

greatly increase volume in the controller output circuit. A volume booster* 

'sometimes is used for the purpose of reducing time required to position a 

control val ve.^ftowever, a valve positioner is more commonly use& .because it 

not only can act as a^volume booster, but it is a true valve-position con-, 

troller. A valve positioner is mounted on t(je valve, with a feedback line 

connected to the valve stem. It is $ 'motion balance device. Input motion 

is provided by a bellows that receives the controller output signal. The 

bellows positions a pilot valve (simi lar.in function to a pneumatic relay) 

N which produces an output. The pilot valve output is applied to the valve 

diaphragm, and the valve diaphragm positions the .valve until a balance 

motion is^ generated by travel of the valve stem. A block diagram of a valve 

positioner is shown in Figure 14. . { 
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Figure 14, Block diagram of a valve positioner. 



CONCLUSION 



\ - 



. *No attempt has l?een made in this y module to discuss use and operation of 
•all pneumatic devices. General operating principles of all active pneumatic 
instruments - those that generate a- signal or output proportional to ,one or 
'more inputs Vhave been presented. Those operating-principles are either a 
; force balance operation or a motion balance operation. When these concepts 
are realized and applied to appropriate devices, understanding of pneumatic 
a instrument? ban bfe demonstrated. \ 



EXERCISES 



: — — 

v 

1. . Draw a functional diagram of a pneumatic transmitted. List and 

describe operation of the following components: 

a. Flapper. 

b. Noz*1e> • 

. c. Air-flow restrlcfoc / 
d. Feedback bellows.,- ^ 

2. Answer the following questi 

a. £ Wbrf is the flappler sometimes called' a baffle? ? 

b. Why is the feedback bellows sonjetimes called a proportioning 
bellows? 



2.05, 



IC-06/Page 27 , } 



c. % How is feedback action ^elated to instri^ment gain? 

3. Draw a functional 'diagram of a pneumatic controller. List and describe 
the operation of the components listed in Exercise 1. 

4. Answer the following questions. n < 

a. What 'is an error signal , and how 1s it detected? 

b. ExplaiVtJie proportional action of the controller. 

c. Explainable operajion of reset with regard to* feedback. \P _ 

d. What causes the derivative output? Is this negative or positive 1 
feedback? % 

5. A controller can be divided into*four mechanisms: 
* / a.. Detection mechanism. 

b. c Compari son ^mechanism. 

• c. Feedback mechanism. V^^y 
d. Gain mechanism. 

.Identify arid explain the operation of each mechanism on the controller 
cirawn in Exercise 3. How does operation of\ a pneumatic controller com- 
, pare with that of a Wheat stone bridge? 

LABORATORY MAJEfHALS 

A moment balance version of a force balance pneumatic transmitter, such as a 
Foxboro M<flel 13A d/P cell or a Taylor Model d/P cell. It is important , 
that.a complete/alibratiort and instrument manual be available. 

A moment balance version of a force balance prjeumatic controller, such as. a 
Foxborc Mod^l 58 with field-mounted connection block; tf Taylor Tran-* 
scope series; or a Fischer-and Porter Model 45. ' It is important that a 
complete instruction manual be available. 

A pneumatic test bench with the foTtc^g^ 
2 - 0-20 psig pressure regulators. 

* 1 - mercury manpmeter or pressure gage to read inches of n*ater. 

*1 r mercury manometer or pressure gage to read pounds per square Inch 
of pressure (0-30. psig). 
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Assorted tubing and piping to connect the equipment and test instru- 
ments for calibration and alignment procedures/ ' 



LABORATORY PROCEDURES 



1. 



LABORATORY 1.- OPERATION AND CALIBRATION OF A d/P CELL. 

Connect ^the' pneumatic d/P cell, as shown in Figure 15. Instructions 
given are generaAin nature to outline standard calibration proce- 
dures. Actual calibration procedures for a specific instrument are 
given -in the instrument's instruction manga! ; they should be followed 
in exact procedures. 
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Figure 15. Pneumatic d/P cell. 



2. 



VisuallyHftspect the d/P cell; and, with the aitf of the instructs 
manual, locate and identify the following: 

a. .Range adjustment. 1 

b. Zero adjustment. ; 

c. t Feedback bellows. 

d. Relay. 

e. Rfestrictor. * 0 

f. Force bar. 

g. Flapper. 

h. Nozzle. ~* 



on 
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3. Using calibration procedures* listed in the Instruction manual, cali- 
brate the d/P cell* for two different ranges withi^ the variable full- 
scale range/ ^ 

4. Observe (and note for later discussion) the following: 

a. Range-change mechanism. 

b. Zero mechanism. 

c. Force bar operation. 

LABORATORY 2. BENCH-CHECKINCfA PNEUMATIC CONTROLLER • 

The following procedure is to demonstrate operation of bench-checking a 
pneumatic controller. x In checking a controller, th^ folfowing calibration 
procedures are performed; ^ . • 

• Calibration of input or measuring portion. 

• Calibration of set-poi/i£ adjustment. ^ \ 

• Calibration of manual output deration and measuring portion. 

• Controller alignment. x * ' 

The first three functions can be performed by simple calibration procedures 
outlined 'in previous modules- of this series. Because actual "procedures vary 
with controller types, calibration procures in the instruction manual for 
the controller in use should be,followed. General calibration procedures 
^are (1) to apply a measured simulated input to the device under test, (2) to 
accurately measure output or response, and (3) to make appropriate zero and 
range adjustments as needed to cause output to coincide with the correspond- 
ing input. * 

Controller alignment is needed to make certain that the comparison 
mechanism, feedback ipech^nism^ detector mechanism, and gain mechanism all 
are properly related to each other. This usually can" be done in either , 
open-loop or closed-lodp applications. The actual procedure used will de- 
pend upon the control ler -and the iristruction manual. 

1, Connect the controller to the test equipment used in Laboratory 1, and 
calibrate the measuring portion of the controller. The controller 
shoufabbe 'in the manual mode of operation for this and. all following 
procedures. • 
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2. Calibrate the martuaV output regulator and valve loading indicator, 

3, Calibrate the set-poipt regulator and set-point indicator, 

\4. Perform controller alignment procedures, as given in the instruction 
manual . f* 

5. Disconnect and secure all equipment* Procedures are now complete. 

\ ' REFERENCES 



Anderson, Ndrman A, Instrumentation for Process Measurement and Control , 

2nd ed. Philadelphia, PA: Chilton Company. 
Instrumentation Training Course . Vol. 1, "Pneumatic Instruments." Howard 

W; Sams Technical Staff, ed.. "Indianapolis, IN: Howard W. Sams and 

Co., 1978. 
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GLOSSARY 



Active pneumatic instrument: Devices that generate a signal usual ly^for 
transmission. 

Control mode: Controller .characteristics that determines phi relationship 

- between a controller's input and output. - ' __ ^ 

Derivativ^ control mode: Control mode that generates a controller output 
\ proportional to the rate at which the' error signal i.s occurring '(also 
called rate). ' 

Flapper nozzle: A device used t:o % det£ct a, small amount of movement and, by 
1 doing so, generate a usable signal. 

Force balance: The operating principle of most active pneumatic instru- 
. ments. A change in measurement generates an output applied to the 
* feedback mechanism. Output continues to change until feedback force is' 

- equal to measuring force. 

Force bar: A lever used in pneumatic instruments with the measuring force 
applied to one end and the output force applied to the other end. An 
unbalance in forces causes movement that changes the-flapper-nozzle 
" relationship. 

Pneumatic relay: A device used to amplify nozzle pressure and increase 
volume. 
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Negative feedback: The means of utilizing a portion of an instrument's out- 
' put signal for stabilization by generating a force equal and opposite 
to that which produced the initial output. * 

Proportional controller: A controller that generates an dutput proportional 
to the amount of deviation between process variable and set point 
. (error signal). , , 

Reducing tube (restrictor) : A restriction port in the relay, usually remov- 
able for cleaning, which limits air flow to the nozzle to' an amount 
* that can flow through the nozzle without creating a back-pressure. 

Reset control modex- Control mode that generates a controller output propor- 
tional to"* the time of error signal (also called integral). 

Residual offset:' Difference between process measurement and set point after 
a proportional response to a process disturbance or load change. 

Transmission lag: Time required for a signal change to effect a response on 
the receiving end. k 

Valve positioner: A position controller mounted on a control valve to cause 
the valve to assume the positidn specified by the controller output. 

J ^ 
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Matching:' Match .the following tferms with the appropriate definition 

' Reset 

Negative feedback 

, Positive feedback 

- Proportional 

Force Balance * 

* Derivative 

Controller Tuning 

• Residual offset 

' Transmission lag 

Controller gain ^ 



Feedback applied to an instrument input that opposes thfe ch^ffge that 
initiates an original output. » % / ' 

An instrument system that produces an output, generating^ force equal 
.to and opposite the measuring force that caused the output. 
Control mode that acts on the amount of deviation. 
Control mode that acts on the time of deviation. 
^Control mode that acts on the rate of change of deviation. 
Derivative output is a result of delayed negative feedback'or ... 
Delay time in signal transmission. 
Reset control is used to eliminate ... 
The need for reset control ,is inversely related to A. 
The procedure for determining the correct control mode settings is 
accompl i shed by a method of .... ' : * 
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•» INTRODUCTION 



Equipment, systems, and processes can be controlled by a variety ^of 
techniques and- instrumentation control systems. . SomeHechniques, systems, 
or components will provide a "higher quality" of control . than "others. • 

•' The "quality" of an instrumentation control system, is a ^relative mea- 
sure of quantitative variations in the process* parameters. The ideal, or 
perfectly-controlled, system or process would be in°a steadytfstate; ile., g 
the controlled parameters . of pressure, temperature,, speed, and so on, would 
be held to constant desired levels (set points). In practice, system opera- 
tionis not ideal; parameters will vary betwgen jsome" upper and lower bound- 
aries. (For example, temperature may fluctuate between 100°C and*110°C.) 
The width of these variations and the frequency with which a^parameter 
^oscillates between the boundaries determine the degradation in. control 

quality. • . - . . • 

The purpose of this^module is to describe the procedure by which the., 
dynamic 'performance of each control « component is evaluated. Control-quality 
evaluation is di scussed;. and methods are presented for matching the dynamic 
properties of the controller to the process. 6 * \ 



PREREQUISITES 



The student should have a* basic understanding of "algebra and physics • 
and should have completed Module IG-01 through IC-06 of Instrumentation .and 
Controls* , \ * • . A 
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OBJECTIVES 



Upon completion of this module, the student should be able, to: 

1. ' Implement the operation of a closed-Joop control system by performing 

the .following: ^ 

a. v^ Install closed-loop control components on a combination level-flow 
/ process. > 

b. Connect. the instruments to perform closed-loop control functions. 

c. , Make instrument adjustments to provide optimum process control v 

' * This includes controller tuning, transmitter range selection, and 

♦ 

adjustment. 

2. Describe a method-of control quality evaluation and relate the effect 
of each control-lo6p component on the quality of the process. This 
will include. a definition arid explanation of the following terms: 

a* Gain: * s 

(1) ' Process. • 

(2) Instrument. 

A — b. Capacity. < v ■ • 

c. £ttead rime. * • 

d. La^l time\ K • - 

e. Process stability. 

f. Process disturbance. 
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SUBJECT 




CLOSED-LOOP CONTROL'S VERSUS OPEN-LOOP CONTROLS 

The principles of closed-loop and open-loop corttrols wert discussed in 
Module IC-01, and an open-loop control was implemented on a«le\el process. 
For stable process operation cont'aining*few load changes or disturbances, 
open-loop control techniques may be adequate. However, this condition can- 
not be assumed in most industrial porcesses. Although some open-loop con- 
trol applications exist in industry, they are the exception. Most control 
systems are closed-loop automatic fejgjback systems. 

• .When properly adapted to' a process, a closed-loop control system will 
perform its function of maintaining a balance between tJie supply anFD€T\and 
of a process. 




CL0SED-L.00P OR AUTOMATIC FEEDBACK CONTROL AND CONTROL MODES • » ^ 

Most processes contain material and energy inputs and outputs. A 
single variable control, system, the most common type, can control a balance 
. Between material or energy; but it cannot -control both. Level processes ar,e 
controlled by maintaining a material balance; whereas temperature processes 
are usually .controlled by manipulating a material quantity - fluid flow, for 
example. 4 

The principles of closed-loop control should be briefly reviewed. Con- \ 
. sider the concept involved: A process will be stable- when .material entering 
(the supply) is equal to material leaving (the demapd)*. To illustrate the 
principle ™tfolVed, refer to the process in Figure 1. The level wjll^ 
constant when flow leaving the tank is equal to flow entering the tank. 
Since flow entering the^ank is an uncontrolled variable as. far as the con- 
ptroller is concerned, the only means of controlling a material 6alance is by 
^manipulating the flow leaving the tank. The control loop will perform this, 
function. ^ 

Review Module IC-01 for the function of each component used in the con- 
trol system. Although instruments^ di scussed in this module can be of any 
type and can operate by either electrical or pneumatic transmitted signals* 
. operating functions are the same as those explained in .previouT-modules. 
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UNCONTROLLED FLOW INTO PROCESS 



LEVEL PROCESS m 

V 



MEASURED 
VARIABLE 




/ 

8ET PPINT.CS P.) 

OUTPUT 



/S . OUTPl 



.LEVEL CONTROLLER 
LEVEL TRANSMITTER 



LEVEL CONTROL VALVE 
CONTROLLED FLOW OUT 



* 4 Figure 1. Closed-loop level process. 

Assume that initial operating conditions are such that flow entering 
the tank is equal to flow leaving the* tank and that* l6vel - is stable. Con- 
sider the effect that an increase 'in the uncontrolled flow entering the tank 
would have on the process. With flow out being unchanged, the level would, 

■ * c 

of course, increase. Control action now begins. t * 
The increase in level is detected by t'he level transmitted, which sends* 
an increase signal to the controller. ^ Prior to this level increase, the 
process was at»the control point. The measuring bellows and set-point bel- 
lows of the pneumatic'controllec discussed .in Module IC-06 were in equilib- - 
Mum. As. a result of the leveU increase, the increase in signal to the mea- 
suring bellows upsets this balance, an^ the controller output will change to 
open the control valve. This action increases flow out of w the tank to com- 
pensate for increased flow into the tank-. The operation just described 
makes automatic feedback Control sound very §imple - which it actually is. * 
However, the. explanation 'did- tend to oversimplify the concept; several , 
important considerations .were overlooked. 

When the set-point value is contant (as it was in the previous' example) 
the only variable that willlcause a stable controller output to change is 



Page 4/IC-07 



217 



the process - by way of the signal to the input bellows from the tr;ans- , 
mitter. The relationship' between- the' input and output of a controller is 
described by__£he contrbller's^transfer functions-— Ibis-depends on the con- 
trol mode used and its settings. The f^oTTdwTnglTaragraphs^explain how the 
process would react to. a high-gain controller without reset or deviation. 

ON-OfF CONTROL ^ . 

A controller with'a high gain will function as "an ON-OFF, or two-posi- 
tion, controller. This concept specifies that'the control valve will be 
either fully open, or ful ly~tlosed. When the level 'in Figure 1 increases 
aboVe the set point, the error signal causes'the valve to open completely. 
This will redutf? the level; but with the valve in the wide-open position, 
flow out will exceed flow in. In this case, the level will fall below set 
point, at which time the valve again will close. Then, the leve\ process is^ 

• in an unstable, or cyclic, condition. Amplitude of the cycle will depend on 
several factors, the most_prominent being the physical and dynamic proper- 
ties of the process itself. 

It' can be seerf that, if the tank is narrow, the .level will respond more 
to valye operation than it would if the tank had a relatively larger diam- 
eter. 'Actual size (volume)- is not sd much of*' a" determining factor cdnsider- 

• ing- the /low-level relationship, as is the volume-to-height ratio. A wide 
tank, f o\ example, would undergo a much Smaller change in level with sudden 

frflow change^than a tank that had a low volume-to-height, ratio (such, as a 
• very narroV ta^Tf The size of the valve and piping will also affect the 
level-flow ^relationship. Regardless of specific process characteristics, 
when dynamic characteristics are such that an ON-OFF contro.1 can be used 
with an acceptable amount of process instability, it should' be - and prob- 
ably will beV used. However, most industrial processes require more stable 
control than \he ON-OFF type can provide. * * 

Many 'pVocfesses around the home are controlled by ON-OFF controllers. A 
furnace or air \conditi oner is tunned on or off as required to .maintain a 
temperature. The temperature is not controlled at an exact value, and 
cycling always wljll exist with two-position control. But temperature 
instability is within tolerable limits. Another example of ON-OFF control 
• - \ f -\ - » 
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. appli cat 'ions, is control of level/ in ^tank by contrjflling a pump motor on 

and off by a pressure or level^switc^. \_ '» 

f \ , » 

PROPORTIONAL CONTROL ' 

A much more stable control can be accomplished when the material can be »■ 
more evenly balanced. The ON-OFF controller is able to control the process, 
as illustratedby the. previous explanation: 'However, this, cannot be done at 
an exact point. \-If flow-out of the tank were caused tfi increase by an 
amount equal to flow entering the tank, the level would not' cycle; but it 
would reach a stable cdndition following^ change in load of disturbance 
variable. In other wor"ds, flow, out should be in proportion to flow in A.or, 
\ more precisely, proportional to the error signal. Remember' that controllers 
react to the error signal or deviation in process and set point. If there 
is no deviation, the controller output will not change. Output 'of a propor- 
tigp*$%cont roller will be in proportion to deviation. 

In Module ICt06 v it was explained that the output-of a proportional 
controller is equal to .the product of the deviation (error signal) and con- 
troller gain. This product is the instantaneous output that result^ from an , 
error signal caused -by a load change or set 7 point change. When there is no 
error signal the'controller will not function and- does not seem to have^a 
purpose. Actually, for, this condition, the. controller is doing exactly What 
it / "rT~supposed to do: maintaining a balance between supply and demand at a 
desired value, the real' function of a controller "is to s compensate for load 
changes. The following examines operation -of a proportional controller with ' 
respect to load change (causing a deviation or error signal) and controller 
gain. * * ' 



Proportional- Output and Gain 

s 

' " For a controller with a gain of one, output will cnange.the same amount 
as input. A 1% deviation caused by a 1% change fn either the process or the 
set point will cause a IX. change in output. A. 100% change in '.deviation will 
cause a/100% change in output. Thus, output is in proportion te a ehange in 
% . deviation, with the proportion being governed by the controller gain. Equa- 
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tion 1 expresses the relationship between gain, output, and deviation - 
•which is the error signal applied to, the controller Input and is tHe differ- 
ence between process measurement (variable) and set point (PV - SP) r 



C 0 ■ (PV - SP) G> K 



Equation 1 



♦where: 



C 0 - Controller output. • 
PV = Process variable. 
SP = Set point. 
G = Controller gain = output/input. 

K = Previous output of the controller, or the value before a 
change .occurred. 



Gain of a controller can also be expressed as the percent of change in ' 
process variable needed to cause the controller output to change 100*. This 
gain expression, called proportional band, is the inverse of gain. It is 
expressed as a percent. If the output of a proportional controller changed 
100% when the process changed 50%, the proportional band of the controller . 
would be 50% and the gain would be two. The relationship between propor- 
tional band, and gain is expressed in Equation 2. 



r 



Proportional band (PB) = 1/gain. (100) 



Gain = —1 (100) 
^ PB 



> 

Equation 2 



The terms are 3s previously explained. 



EXAMPLE As CONTROLLER GAIN. 



Given: 



Find: 



a. A controller- has a span of 4-20 mA. 

b. The controller has an output of 18 mA. 

c. A process change of 10% causes output td" go td 15 mA. 
Controller gain. 
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J " . 

Solution: To avoid unit conversion requirements, this and all such scaling^ 
problems should be carried qut with the signal levels converted to 
• a percent of full-scale value. 




/ 

i 


a. 18 mA - 15 mA = 1Q . 7S% of total change 
. ; 20 mA - 4 mA' 

b. The deviation (PV - SP = 10%), assuming that the deviation 
was caused by the process change. 

c. From Equation 1: , 


> 


t 


(PV - SP) < * 

G = 18 - 75 = 1.875 

v 10 . 

* 


< 




Note: The "K" term was not needed in this exercise because 






it was included in the given information. 




ft 


-* 






EXAMPLE B: PROPORTIONAL BAND OF CONTROLLER. 






«» , ' 
Given: Values in Equation 1. 

Find: Proportional band of the controller. \ 

Solution: Using Equation 2 and solving for P8, . 

PB'= _L_ (100) . 
Gain V 

= 1 (100) = 5.3% ' 
1.875 


- 




Proportional Control Application 

To explain how to overcome the disadvantage of cycling in the 0N-0FF 
level control system (Figure 1), proportional control will be di^cussed.^ 

• 

* * 


— 


♦ c 


% k 

/ 
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The level process is shown again in Figure 2. To illustrate proportional 
controT principles, make the following assumptions: 

FLOW IN 



■1. 
2. 

3. 

4. 



LEVEL PROCESS 



40% RESIDUAL 
OFFSET 



3P = 60% 




LEVEL 
TRANSMITTER 



SP 



) 



* LEVEL 
CONTROLLER 



^ LEVEL - 
J^CONTROL 
<P VALVE 



FLOW OUT 



Figure 2. Level .process on proportional control. 

Controller is direct acting witji a gain of 0.5, or PB = 200%. 

The valve is air-to-open and changes the flow rate at 2 gal/min/5% 

opening. 

Initial conditions: Flow in = flow out =.20 gal/min; SP = PV = 50%; 
and valve is 50% open.. 

.Flow in is suddenly increased by 8 gal/min. 



When flow 'into the tank is increased,* the level will increase because flow 
out is still at the 20-gal/min* value when the flow in is increased to 28 
gal/min. For flow out to increase to 28 gal/min^ an 8-gal/min increase to 
balance the increased flow in/ the valve must move 20%. 

^ 8 9 a1/min = 8 gal/min {-J£ ) - 20% . . . 

2 gal/min/5% • 2 gal/min 

, . . ... .- _ b 
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This 20% change in output from the controller will require a^JLfhange in 



input- 



. . Output _ 20% _ An - 

Deviation * — — ttf ~*r u * 
3ain 0.5 - 




Thfs means that the level must change 40% to change the controller output 
-20% to increase the flow out by 8 gal/min. The level is then at a 90% 
value, or 40% above set point, this is called residual offset. 

If controller gain were higher, th* process would not need to deviate 
as far from set point to change controller output the required amount. * If 
gain were increased by a factor of four to a value of two, the residual off- 
set would be decreased by the same factor to a value of 10%. Gain of a pro- 
cess controller should be as high as possible to reduce the amount of resid- 
ual offset . Maximum allowable gain will be determined by the overall pro- 
cess and equipment gain, and will be determined when the controller is tuned 
to the process. Regardless of controller gain, proportional control will be 
characterized by residual offset because, operating on a feedback principle, 
offset is, required for corrective controller action. Even with 0N#0FF con- 
trollers (which, in theory, have infinite gain) an amount of process devia- 
tion is required to initiate control action. If the gain value were infi- 
nftely large, zero deviation would produce a 100% controller output* Rea- 
soning will dictate that this -is an impossibility. It should be 'derived 

9 from the previous discussion that residual offset is inversely related to 
controller gain - which should be the maximum value that will maintain 

.stable process operation. To eliminate residual offset, the' reset control 
mode is used. . , 

RESET CONTROL 

When the ^controller has made a proportional response to a load change, 
the reset control mode will continue to change controller Output in the same 
direction as the proportional action ... and at a rate that is determined by 
- the reset value set- on ,the controller. 
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Rjesjet output is a function of the time o'f deviation between process 
variable' and set point. This" control mode repeats the proportional, output. 
The r^t adjustment de^eripi nes the amount of time required to repeat the 
proportional outputl Injt'he previous discussion, proportional output was 
^20%i7\This 20%/change.f'a Controller output was not sudden, because the in- 
tr^se in flow intb'^htf tank (in view of tank capacity) would not result in^ 
' ' \- t i^sycTden change in, level ... This change would occur over 3 period of time.- 
v/v'V vlB'fact, the valve would open gradually, and the deviation would be contin- 
' T "'' uotusly decreasing because of'the gradual valve opening. Exact conditions 
< f g°1yen:in the previous explanation would exist in theory t>nly if the Change 
lOB^the controller input, were sudden (a step change in set point, for exam- 
t pte): T Jtt proportional output 0 suddenly changed by the 20% value* indicated, 
\thk T^i^ontrol mode would repeat this 20% value by the reset setting on 
the controller. 

Reset units are expresse|l as minutes per repeat, or repeats tier minute, 
.depending upon the brand of controller use. JJ-^ese^ units were repeats per 
minute and the proportional output were 20%, the output would continue to 
change at- a rate of 20% per minute, and it would continue at this rate until 
the process was back at set point. If, for some reason, the controller in- 
creases to a 100% value and the process , has not returned to set' point be- 
cause of equipment malfunction (a stuck or undersized valve, for example), a 
condition known as "reset' wind-up ^ exists. |n t^is condition, the control- 
ler is out of control. This, of course, is an abnormal condition and should 
, be avoided for the following^ reason: When normal opeTafion of the process 
reoccurs* the controller will be out of correct operation for as long as the 
reset wind-up condition exists. Some later-model controllers have an anti- 
reset wind-up feature to avoid this problem. ; 



EXAMPLE C: RESET CONTROL. 



Given: 
Find: 



The reset of a controller is set for four minuses per repeat. 
Corresponding ceset value in repeats per mirtfite. 
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Solution: The two reset units are reciprocals of each other. 



Repeats 


1 




min 


min/Repeat 




min 


1 - 




Repeats 


Repeats/mi n 




4 min 


1 Repeats 


0.25 RepeatS 


Repeat 


4 min „ 


mi n 



DERIVATIVE CONTROL . 0 

V 

It should be emph^i zed. that the control ^modes required are determined 
by the process Characteristics, especially the dynamic qualities (process 
behavior with respect to a disturbance). It has been shown that the con- 
troller gain and reset requirements depend upon the process gain - which is 
determined By the physical design and relates input to, output with respect 
to amplitude. The derivative control mode is concerned with the time re- 
quired to measure a process'di sturbance, to change the process, and to mea- , 
sure that change. These time-related characteristics are important in pro- 
portional and proportional-plus-reset control; but they are not great enough 
to warrant special consideration. If they are, derivative control is 
necessary. 

Recall from Module IC-06 that the derivative action of a contrdller is 
caused by a delay in response of the feedback mechanism. Furthermore, 
remember that the amount of negative feedback that results from an input 
disturbance affects the instrument .gain. In effect, the derivative control 
mode changes the controller gain for the amount of time of the delayjn the' ; 
'negative feedback. This operation will result in an increased controller 
response greater than that which would be generated by the proportional re- 
sponse alone. 

Derivative control Is used in processes that are slow to respond t9 a 
change. Temperature .processes are typical of this type of process. The 
characteristic that depicts the slowness to respond has been referred to as 



o 
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thermal momenta^. -'"Tjfermal momentum is related to the flywheel effect of 
rotary motion. ^To/help to overcome this sluggish response, the derivative ' 
control mode adds an additional burst of energy to the p'rocess. 

Controller output caused by the derivative control mode is used to give 
a lead in the controller output to compensate for dead time in the process. 
In all controllers, derivative response is measured tn minutes. It is the 
time that derivative outptft Heads proportional output. For a step ^change in 
set point or process measurement, derivative output will go to a very high 
value (probably to the level of maximum output) u and will return to the pro- 
portional level when there is no longer a change in error or derivation be^_ 
twetfn set point and process variable. Because derivative controller output 
is a function of the rate of, change of deviation, it will be present only 
during the time of a changing value. Because of the very fast rate of 
change of error signal caused by step changes or spikes in the process, 
derivative output for* such a situation will be large and will decay when the 
error ceases. However,, derivative response to a steward/change i n error sig- 
nal causes derivative output to continue and to be proportional to the rate 
of change of error signal. 

"The additional -controller output caused by derivative action is usefifl 
in processes with large capacitance time constants and Jarge dead time. 
Jhis helps the process to recover faster from upsets for the following rea- 
son: controller output changes a. large amount when a change is first de- 
tected and changes by a .lesser amount when the process is changing at a ■ 
slower rate. , ^ 

The advantage of the derivative control mode can be' realized by refer- 
ring to the temperature process in Figure 3. Assume that the cold .product 
flowing in is at a constant rate and temperature, and that temperature of 
the product flowing out is maintained, at a desired value by a constant steam 
flow rate through the valve and steam foil. The controller therefore 
1s positioning the steam value In order to maintain a balance iff the heat 
energy 1n the process. Consider the effect of an increase in flow of the 
cold product into the process. This cools the product, which then must 
result in an*increase in steam flow. This increase will not'be immediate, 
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TEMPERATURE CONTROLLER 



SET POINT 



TNERMOWELL 



HEATEO PRODUCT OUT 





• 


TEMPERATURE- 




CONTROL VALVE 


M 


STEAM PLOW » 








STEAM HEATINO f * — 
COI.L f - 








C0N0EN8ATE 
OUT 






COLO PROOUCT IN 



Figure 3. Temperature process. 



however/ because the 
change in temperature 
is not instantaneous. 
The heat spergy in the 
process must be 
absorbed by the colder 
incoming product, the 
thermowell* must lose - 
heat energy to tfie 
cooler product, and 
.the sensing element of 
the temperature also 1 
must lose heat energy ' 
' . " ^ to the thermdwell. 

« c All of these energy 

transfers must t^ke place before the output of the 'temperature transmitter % 
can change. Once this change occurs, a deviation will exist between .the 
value of the process variable and set point, and controller output will 
change. With proportional-only control, output* will be proportional to the 
magnitude of the deviation. If the increase in cold product flowing in were 
very great, temperature of the product passing* the surface of the steam coil 
would be less than the temperature of the product at the thermowell. In 
this case, a change in controller output caused by an ampl itti.de 0 of deviation 
would not result in a" valve opening to a sufficient amount to heat the 
product to the desired value, Additional heat energy .fs required because of 
the difference in temperature of the product that is caused by time lost in 
the transfer of energy throughout the system. 1 fh^/derivative control mode 
supplies this additional energy. The amount of additional energy needed is 
dependent upon the dynamic error in temperature measurement, or the rate at' 
which the temperature 1s changing. This concept is illustrated in Figure 4. 

The controller output, curve shows that the .proportional output follows, 
and that it is proportional to the controller error." However, total con- 
trol ler^Butput is the sum of proportional and deri vative control action.*® 
Derivative output ts "significant when the mao'unt of eijror is changing. 
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.Derivative output immediately 
goes to this va'luer- which would 
be reached one derivative^ time 
unit later (Tj » T 0 ) by- propor- 
tional action. 

+ 



OUTPUT o 



ERROR oJ 




PERIVATIVE OUTPUT 



PROPORTIONAL 
"OUTPUT 



I . RESIDUAL OFFSET 




RESIDUAL OFFSET 



TO T 1 . T 2 



T3 T 4 T 5 



Figure 4. Derivative response to a process. change for a 
proportionaUplus-derivati ve controller. * * 

When the error is a steady value, derivative output is zero, -and total 
controller output of the proportional-plus-derivative controller is caused 
by the proportional control response. 

At To, when change in deviation is just detected bjrthe controller, the 
derivative output goes to a level (shown : ih Figure 4). that would be reached 
one derivative time unit later by proportional action. The derivative time 
unit 1s the time interval between T 0 and T 1# Derivative output leads pro- 
portional output by the amount of time that is one derivative time uyit. 
Derivative urtfts normally are -measured in minutes. After the. Initial deriv- 
ative response at T 0 , there is no further change in derivative output until 
T 2 - -at which time the error signal becomes stable. Derivative output at T 2 * 
decreases, returning controller output to the proportional level that i,s 
maintained until T 3 . The errqr signal a^ain starts ^to change at J 3 , buf tn 
a different direction. The derivative response to this change immediately 
decreases controller output to a level that would be reached at T^ by pro- 



228 



IC-07/Page 15 



portional action. The time interval Tt* - T 3 is one derivative time unit be-, 
cause the derivative "control mode causes output to go to a level that would 
be reached at Ti» by . proportional action. At T5, derivative control returns 
controller ouput to* the stable* proportional value. r ~~ 

It should be emphasized that a derivative response occurs only when 
there is a change in error signal and that amount of derivative ^output is a 
function of rate of change. Each time there is a change in this rate of 
change,, derivative output will go to a new level. 

Derivative action (as explained and illustrated in Figure 4) will com- 

- > * 

penSate for the dead time in the process §od lag time - usuarlly measurement 

\ a " ————— 

Tag - in the. instruments. Referring back to the temperature process in 
Figure 3, derivative response will add the sudden burst of energy required 
to compensate for the difference between actual temperature of the process 
and measured temperature value. Derivative also helps to overcome dead time 
in the process - which is thenime required for the process to respond to a\ 
change in energy supply. . 

Although helpful, derivative contro] ifi processes with long dead t*ime 
can be detrimental to control quality. .This type of control should. never be 
used in processes that respond quickly to disturbance variables and that afe 
'likely to have spurious -response: Derivative control is^ndt compatible with 
erratic process behavior and soon can cause the process, to cycle violently 
and go out»of control. Thfe selection of proportional and .reset control for 
processes is also important; but it is not as critical as derivative con- 
trol, v " - 

PROCESS DYNAMICS AND CONTROL -MODE SELECTION . 

* 

Optimum control fd^Ta process will be realizes when the proper selec- 
tion of control -ijiode combinations has been made and when they -are used in 
the required amodnt. This is done by tuning tjie controller. Controller 
tuning is a process used to match the dynamic controller qual [ties with the 
quality of the process. For this matching, it is necessaryyto determine the 
dynamic behavior of the process and, to obtain data that can'be used to 
establish compatible dynamic qualities in the contrbller.* 
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For the dynamic behavior ^>f a process to be observed, it must be in a* 
state of change.. Although it is desirable to maintain process stability, it 
is necessary to initiate small disturbances in the' process, to study reaction 
to v these changes.* 

PROCESS REACTION TO A STEP CHANGE . * 

To determine the process reaction to a ste|> change, a step change is 
introduced jnto a staWe process system r on open-loop control. This can be* . 
done by having the controller on manual or open-loop control and by "slightly 
moving the control valve with the manual control adjustment. ^-The process % 
response to this step change will reveal dynamic process characteristics 
'that determine the required controller dynamic response to correct ^or pro- 
cess? disturbances. Response curves shown in Figure 5 are typical for the / 
associated types of processes. 



FLOW CONTROL VALVE 




CONTROLLER OR 
MANUAL CONTROL 



MANUAL ADJUSTMENT 
CHANGE 8 VALVE P08IT10N 



LEVEL TRANSMITTER 

J - 1" 



STEP CHANGE 
IN VALVE 

I ^ 



PROCESS RESPONSE 




LEVEL RECORDER ON ^CONTROLLER 



t. 



«. SMAIUCAPA&TY S/STEM 



b. UARQE-CAPACITY 8Y8TEM 



Figure 5. Level responses to a step change. 
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"Process Gain * 

* Process gain is the first important process dynamic quality to be con- 
sidered.' It determines controller gain, and the gain determines the reset. 
Process gain is characterized by the slope of a line drawn tangent to the 
response curve at its inflection point, or th^^i^int of m&ximuto rate of 
rise. The process in Figure 5a-has a higher gain because it has a slope 

♦ ; / that indicates the ab.il ,ity to 




process Response to step change 



Figure 61 , Process response of a 
temperature system, • 



reach new levels of stability 
quicker than processes th^t 
have slow rates of reaction^ 
or take longer to reach sta- ■ 
bility levels. Processes 
that' start to react immedi- 
ately following a step change \ 
or other changes in input ex- 
hibit low de,ad time and lag 
/timfe/ They can.be con- 
trolled [)y control modes * 



based on gairi principles - namely, proportional and reset. The .process. re- 
action curve* in Figure 6 suggests other considerations. 



Dead Time . f 

It can be seen in Figure 6 that the temperature process does not react 
immediately to energy changes. Reasons for this were given in a preyious 
discussion. The combination of dead" time arrd lag time results in ah overall 
phase shift in the control system. ..This characteristic is detrimental to 
the control' quality of a process and dictates the necessity for the deriva-< 
dve'controV mode. The control characteristic depicted by Figure 6 repre- 
sent s ( d more difficult' corltrof situation that is compounded when rate of m 
rise is high, representing a high gain process and a large delay time, or \ 

le process td respond to a change 1r 
7. 0rr'TR , &^iTfe r deTayi is, measured 
(when the step N change 'was introduced into this system) to the point at which 



time required tor the process td respond to a change 1n. Input. 'Th'is is il- 
lustrated in Figure 7. D7^T)&^iTfe r ^efay * is, measured from. zero time point 
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thi^tangent line intercepts the time axis. L, the time period, extends from 
the end of the delay lihe to the point at wh^ch the tangent line intercepts 
the point of 1*00% process measurement. 



\ 




' — PROCE88 REACTION CURVE 



TIME \ * 




0 — 



Figure 7.* Loop dynamics determined by response to a step chaoge. 

R, which is equal to\/D, is the ratio- of the time period of the 
process to the time delay. This ratio describes the dynamiC|behavior of the 
process. Process gain was related to the slope of the tangent line. Plant 
gain includes every component of the ^ontrbl loop except the controller - 
. the process, transmitter, valve, and pipe. 0 ^ 

Transmitter Gain v 

The range of the transmitter to provide, process measurement affects t'he 
overall'loop gain. Because transrtTltter outptft provides the recorder 
response that is the process reaction to a step change, amount of 
measurement response* is determined by the transmitter range , (gain). It ♦ 
usually is expressed as a decimal ft value of a_ percent; r and i,t is determined 
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by dividing the measurement response resulting -from the step change by the 
full-scale response. 



EXAMPLE D: DETERMINATION OF PLANT GAIN, 



Given: Full-Stale measurement of a temperature transmitter is 300°F. 

, Temperature variation caused by a step change is 40°F. < 
Percent of valve travel required to cause the 40°F change was ^4%. 
Find: Plant gain. . s . -\ 

Solution: -a. Gain of a component is determined by dividing output by^in- 
I ' ° * put. Percent of transmitter output is as follows:* * 

— = 13.3%. 
300 

b. Planf gain is: 

^ Output* j Transmitter change 

Input " Valve change 

'l3 3 

f . = t±l = 3.3 

: — 



* . ■ . • x • 

Loop Gain r , - 

Total loop gain is the products of the following: ^ 
1/ Valve and piping gain. ' % 

JL • Transmitter gain. * 

3. ^Process gain. 

4. Diapjhragm or valve actuator gain. 

5. Controller gain. 

The value of the total loop g^in shbuld be slightly less than one. This 
describes a passive system that will not oscillate/ If total loop gain were 
greater than one, the systenfwould not^e passive]^ but would oscilTate or^ 
unstable. Therefore, it is desirable to adjust controller gain to a value 
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to make total loop gain as close to one as possible and to maintain process 
stability. The optimum value of controller gain 1s determined "during a pro- 
cess of controller tuning. This will be discussed later. 
« 

It can be seen 'that a' value of controller gain can be optimally deter- 
mined for a .given set of process and associated hardware conditions. When 

« 

any condition 1s changed (a transmitter range change, for example)^ the 
total loop gain 1s changed - which requires a new value of controller gain. 



CONTROLLER TUNING 



The controller must be tuned and control-mode values set 1n order to 
match the controller's dynamic qualities with the quality of the process. 
Many methods are used to determine the best control-mode settings for a 
given control situation. Some are purely analytical; whereas others are 
strictly empirical 1n nature. Analytical methods are used more frequently 
,io process modeling. 3 situations. Most technicians use empirical methods that 
Sometimes are based on analytical data. 



CONTROLLER TUNING BY STEP ANALYSIS , , . 

When values of L, D, and G are determined by step analysis, dynamic _ 
process characteristics are revealed. By substituting these values into em- 
p1r1cally-der1ved equations, optimum control-mode settings for ajj1v.en sit- 
uation can be determined. Formulas used for determination of the control- 
mode # settings are given in'Table 1. A 20% overshoot response 1s desired 
when 1t can be tolerated without Causing undesirable or unsafe process 
conditions. This condition, representing' a better control quality, will be 
explained later. * 

Data needed to make the ^calculations to determine the control-mode set- 
tings 1s eaSy to obtain - an advantage to this method of controller tuning. 
A disadvantage 1s the fact that a true quality of control 1s not tested un- 
til the settings*have been made and the process 1s controlled by thfe con- 
troller. Control quality 1s verified only when the process Iscontrolled to. 
optimum. Although not exact, this method of control-mode det^^inatlon 
yields empirical Approximations that serve as a fairly complj^^ydentif 1 ca- 
tion' and determination of dyna'mlc'behavlor. 
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TABLE I! FORMULAS FOR CONTROL-MODE SETTINGS, BY STEP ANALYSIS. 



* 




Oiiif"kf*<*t Rf*<mnn<5f* With 


?t\\ Over ^hnnf 


Type of Control 


Step Change in 
Manipulated Variable 


Step Change 
in Load 


Step Change in 
Manipulated Variable 


S>tep Changp 
• in Load 


Straight Proportional 










Proportional band 
(percent) • 


333 C 

K 


333 C 

H 


143 C 
R . 


143 C 
R 


Proportional ♦ Reset 










Proportional band 
(percent) » 


286 C 
R 


R 


167 C 
R 


143 C 
R 


Reset 
(time units of D) • 


3.33 DC 


6.67 DC 
R 


1.67 DC 


3.33 ]> 


Proportional ♦ Reset 
♦ Derivative 










Proportional band 
(percent) 


167 C 


10.S.2 C 
R 


' 105.2 C 
R "" 


83.3 C 
R 


Reseat 
(time units of D) ■ 


1.67 DC 




'l.43 DC 




Derivative ' 
. (time units of D) ■ 


0.3 £ , 


0,4 T 


0.45 ™ 


o.s™ 



CONTROL-MODE SETTINGS BY THE' ZIEGLER-N ICHOLS METHOD 

A method of controller tuning, developed by J.G. Zieglerand N.B. 
Nichols, is known as the Ziegler-Nichols method* There are many 
modifications and variations of this approach - which is a combination 
analytical-empirical technique. This method presents a classic approach to' 
controller tuning. It, of one of its variations, is commonly used*. 
Control-mgde settings are based on process and controller conditions that 

just produce process instability or cycles.^ The Ziegler-fJichols method, also 

> »» • > 

has been known as the ultimate sensitivity method. 

Procedures used for the Ziegl,er-Nichols method of controller tuning 
will be discussed in the Laboratory .section of this module. 
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CONTROL-QUALITY EVALUATION 1 

The term "optimum control 11 has been us^d in this module without defini- 
lon this point. There is almost an infinite number of possible con- 
trol-mode settings. On<* may askJ'What defines optimum control or the best 
,^&electioh of control-mode settings?" To answer this question, remember that 
the purpose of a controller is to balance the process supply and demand at a 
process condition. This also means to return a process to -set "point after 4 
an upset in the 'shortest- possible time. Consider process response to'a step 
change, a.s shown in Figure 8. Ill each case, assume the set point value was. 

_. . • •'. - 




a. Overdamped response 



b. CrSfically-damped response 




c. Underdamped response 





* d.» Unstable • constant -amplitude response e. Unstable • increasing-amplitude response 

* * 

Figure 8. Controlled process responses to a step change. 

on the x axis/*, or at the bottom of the curve, and that the set point was 
moved t<^ a new^|evel at the center portion of the curve. The total amount ' 
of timf/that tjte process is away from set point is represented by shaded 
areas of the tui^e., The response shown in Figures 8a and' 8b returns the 
process to set point without over>shoo£, but the total time that' the process 
is away from set point is greater than the condition represented in 8c. 
Condition s shown in 8d and 8e are not acceptable fo r obvious reas ons. Th e / 
underdamped response in 8c is considered to represent optimum control qual- 
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ity because underdamped response returns the process to set point more 
quickly, and it should be used for a test of optifhuip control -when overshoot 
can be tolerated. It is termed "quarter-amplitude decay damping" because 
the amplitude of each successive cycle is 25% of the previous cycle, and the 
process is returned to set point after four cycles. 



EXERCISE 



1. Using graphical analysis, show the following controller responses: 

— «• \ 

, a. Proportional controller response to a step change. 

b. Proportional control Ter response to a gradual load change. 

c. Proportional-pl us-reset response to a step change. 

d. Proportional-plus-derivative response to a step change. 

e". Proportional-plus-derivative' response to a gradual load change. 
What determines the output of each mode? 

2. Use a process on closed-loop control to determine residual offset. 

3. Show how residual offset is a function of controller gain. 

4. Explain how reset eliminates residual offset. 

5. 'What are the limitations of reset control? (Hint: Remember reset 
wind-up.) 

6. List advantages arid disadvantages of on-off or two-position control. 

7. What type of processes can be satisfactorily controlled by an on-off or 
two-position control scheme? 

8. ' How, is on-off controllability related to the dynamic process 

characteristics? 

9. List the reason for controller tuning. 

10. List two methods of controller tuning. 

11. List a means of identifying or determining control quality. 

■ ■ • ■ . . . ) 

LABORATORY MATERIALS 3 

1 pump (Pi):* an electrically-operated pump that will deliver 10 to 20 
f/ffflTPoT flow against a zu pisg~fieacT ~ ~ , 
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2 control valves diaphragm operated by 3-15 psig. The valves can be single 
seated. air to open or close with a 1" body and 1/2" trim. (C v s 0.5) 

2 strip chart recording controllers with a fast (1 in/min) and a slow (1 
in/hr) chart speed. The controllers should be pneumatic with conven- 
tional 3-15 psig input and output. 

2 tanks with approximately a 20-gal capaqity for use 'as the reservoir and 
process/ The reservoir should be flat (about 10-12" high), and the one 
used for the process should be cylindrical (about 8-10" in diameter and 
8* high). Volume of the reservoir should excess that of the tank. ^ 

1 level transmitter with an adjustable range of approximately 0-20" to 0-20" , 
of H20* (Pneumatic 3-15 psig input and output.) 

.1 flow transmitter with an integral orifice approximatley 0.250" and an ad- 
justable range of approximately 0-20" to 0-200" of water. 

Assorted hoses, pipe, tubing, and wire to connect the process and instru- 
ments. . 

Manometer or pressure gage to read 0-200" of water/ * 



20-^>sig air supply for pneumatic test benefit ^ — ' 

0-30-psig. test g^ge. ' - . • 

Presssure regufator having 0.1% regulation with 30-psig input and regulation 

up to 20 psig. i x 

Vendors 1 instruction manuals and parts lists for all instruments and ^ 
' equipment. 

1 tank 8-10" in diameter and approximately 10" high. This is used as added 
capacitance for the process. 



LABORATORY PROCEDURES 



\ • 



LABORATORY 1. OPEN-LOOP CONTROL. 
1. Construct the process in Figure 9. Metint the instruments in .accordance 
with mounting instructions provided in instrument instruction manuals. 
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3/4" PIPS 



CAPACITY TANK 
FOR INCREASED 
OEAO TIME 
(PROCESS 
CAPACITANCE) 




NOTE: IRC MEANS LEVEL RECOROER CONTROLLER 
PRC MEANS FLOW RECOROER CONTROLLER 



Figure 9.. flow-level process with dead time. 

Using standard calibratidn^procedures, as outlinedMn the instruction 
rtianuals and as covered in Modules IC-02, IC-03, and IC-06, calibrate 
the level transmitter 'for a full-scale range of 0-50° of water and the 
flow transmitter for a full-scale range of 147.3" of water. This will 
give a full-scale flow range of 3.5 gal/min when using the 0. 250-inch 
integral orifice. 

Using 1/4-i rich plastic tubing, connect the instruments as required >in 
accordance with instructions in the instrument manuals. 
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4.- By referring to procedures for open-loop control given in Module IC-^1, 
establish a level in the process ievel tank of approximately 50%, with* 
the flow rate at about 50% of full-scale value* This is -done by oper- 
ating the valves on manual control from the controllers, opening the 
. flow control valve 50%, filling the reservoir wi^h water, and opening 
the .level -control valve about 50%. The pump is then started, and the 

flow- and level-control valves are adjusted for 50% level at 50% flow 
» • 

rate. k • 

* ' LABORATORY 2. TUNING FLOW CONTROLLER BY THE ZIEGLER-NICHOLS 

ULTIMATE-SENSITIVITY- METHOD. ' 

1. Remove all reset and derivative from the. control ler, and set gain ad- 
justment for'a low value. If reset is. measured in minutes per repeat, 
the reset is eliminated with the highest setting. F.or repeals per min- 
ute, the setting should be the lowest, setting. If gain is expressed as 
proportional band, the setting should be a high value - 300% or 

. higher. For a controller -with gain or sensitivity settings, a low 
value should be used. Put the controller on "automatic." 

2. Gradually increase propbrtional gain by decreasing the proportional 
setting or by increasing the gain setting until the process-just begins 
to oscillate or cycle, as indicated on the recorder' on the high 'chart 
speed range. To start oscillations, it may be necessary to introduce 
small disturbances by slight movement of the set point* 

3. Note controller gain that just produces the oscillations. This is the 
critical gain: G c . . * 

4. Measure period of oscillation on the strip chart recorder. NQte this 
time, which is T c . ' 

5. Because dead time, is not significant. or> the flow controller; derivative 
*• will not be used. The controller will be propor,tion/1-plus-reset. 
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6. Compute the optimum gain and reset values by the following equations: 
a. Optimum gain = 0.45 G c . 



\ 



b. 



min 



Reset time = Ti 

4 1.2 Repeat 

. . . T 1.2 Repeat 
Reset time = T-j = - — — ^ — 

■c 



mm 



c. If proportional-only contrbl is used, optimum gain is 0.5 G c . 

7. Set gain and reset control -mode settings to the value determined in 
Step 6. 

8. When the process is stable, introduce a small step change into the sys- 
tem by increasing set point by about 5 to 10%. 

9. Check for quarter-amplitude 'damping. ' 
10. ^uch-up the control-mode settings if necessary to achieve quarter- 
amplitude damping. Adjust gain for the correct number of cycles, and 

'adjust reset until residual offset is eliminated. 



LABORATORY 3.' * TUNING LEVEL* CONTROLLER BY THE ZIEGLER-NICHOLS 
' . .ULTIMATE SENSITIVITY MEHTOD. ■ - 

1. Repeat Steps 1 through 4 oT Laboratory SL^or the. level controller. 
Level controllers normally do not require derivative control,«but the 
added capacitance and resistaace-at the top of the le\fel process will 
introduce significant -dead time in the system. • 

2. Derivative controll will be added. Level control will 'be propor- 

♦ tional-plus-reset-plus derivative".' Compute control-mode settings by 
the .following formulas: J * * . 



a. 
b. 

c. 



Optimum gain = 0.6 G c . 

Tq ^ jp-j p 

ReSet time - — = 

2 Repeat 

Derivative tirtk - . min 

8, . 



2_ 



Repeat 
min 
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3. Repeat Steps 9 an\l 10 of Labopatory 2. - 

4. Procedures are now complete. Stop the pump, put the controller in the 
manual operation mode, and close both the level and flow valves. 



REFERENCES 

Anderson, Norman A. * Instrumentation /or Process Measurement and Control , 

2nd ed. Philadelphia, PA: ChlltorTCo. 
Johnson, Curtis D. ProcessT Control Instrumentation Technology % NfcfcYork: 

John Wiley an<j Sons, 1977/ m ' jm m 

Stoll, Henry W. Theory of Automatic Control in Simple Language , Tayjor* 

Technical Data Sheet No. 10A105. Rochester, NY: Jaylor Instrument 
• Co., Oct. 1958. ' fc . 

Zlegler, J.G. and Nichols, N.B.^ Industrial Process Control . Tayloc Tech- 

nlfcal Data Sheet No 10A108.* Rochester,* NY: Taylor Instrument Co.^ 

l^ue d.* * f . 

\ % . t)pt<nup Settings for Automatie Controllers . Taylor 'Technical 

Data Sheet No. 10A100. Rochester, NY:, Taylor .Instrument Co., Issue 1. 

* ' ; - GLOSSARY 

r ■ : : = ^ : s — " 

\ ' 

Controller tuning: The procedure involved in matching dynarirt^roperties of. 
a process with, those of a controller. * * * 

Dead time: Time between a change in process disturbance 6r input and a pro- 
cess change. • 

Process gain: Ratio of output to 4nput of alprocess. More specifically, 
the amount of process change wlt^espec^^^an^. input change. . 

Lag. time: Time "between a process change* and anTn%trument response.' 

Loop gain: Total gain of all components 1n i'/twtroT loop. 

^Optimum control: .Control -mode settings that /produce quarter-amplitude 
damping vOf a process* 

Reset wind-up: Condition that exists when, a 'controller output has reached 
either* of the two Extreme conditions without returning or maintaining 
the process io set point. 
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TEST 

INSTRUMENTATION AND CONTROLS 

Module IC-07 
"Automatic Control Systems 



) ' ■ 

Matching: Match the following terms with the appropriate definition: ■ 
• Lag time. t t 

Total loop gain. ' . v 

"Cyclic action or process instability. 

Dead time. 



Residual offset. 
Process gain. 
Reset wind-up. 
Ziegler-Nichols. 
Capacity. 

Quarter-amplitude damping. 

Controller tuning'. 

L/P. 



a. ' Characteristic' of on-off control. 

b. Characteristic of proportional control. 

c . Charact e r i st ic of r e set c ontrol 

d. Measure. of control quality. 

e. Matching controller dynamic characteristics' with those of the process. 

f. Ability of process to store material or energy, 
•g. Instrument response time - cause of dynamic measurement error. 

h. Describes the dynamic behavior of a process. 

i. Method of controller tuning. 

j. Characterizes or determines the *eed for ' derivative 'control . 
k. . Related to proportional control. 

•1. Product of the gain of all components in a closed-loop system. 

. . . -f 
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-V, , • INTRODUCTION 

The theory, application, and operating principles of a simple, single- 
variable, feedback, control loop system have been^iscussed in previous mod- 
ules of this series. Although many control applications uti]ize this^method 
^f control, process control has b^eh shown to be enhanced by refining^ com- 
bining or altering* the basic feedback loop". m The refinements, combinations, 
,and alterations were discussed in Module IC-Of , "Automatic Control Systems/" 

This module explains the concept of^cascade, ratio, and 'feedforward 
\ control' and shows how these control systems can be ifcorporated in boiler 
^control applications. Although most modern boilers rely On computer con-* . 
trol techniques, the basfc premise to be developed in this module can be 
understood by students who do not possess a knowledge of computer applica- 
tions or operating- principles*. The boiler control concepts' presented in 
this module were Utilized long before digital .or even sophisticated analog 
computers were developed: * Pre-ex.i sting control technique has been refined 
. by the use "of process control computers, but the basic principles still . 
holdr • ' ; , 
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V PREREQUISITES , 



u The student should have a basic understanding of .algebra and physics^ 
and should have completed Modules IC-OJ^ through IC-07 of Instrumentation and 
Controls. * ' 



OBJECTIVES 



Upon completion of this module,, the student should, be able to: 
1. Define the foflowiag- ternts:' . : K 
cf. Cascade control : 

(1) Primary control (master). > 

(2) Secondary control (slave). '[ ff 
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b. Ratio control : ^ 5 , 

(1) Mid flow. 

(2) 'controlled flow. •- ' 

c, Feedforward control (and feedforward control equation), 
- d. Feedback trim control; ■ 

2. Explain -the principles of operation of each of the cpntrol types listed 
in Objective 1 above, and explain their use 1n a boiler control system, 
♦3. List an auxiliary fuel control technique for boiler control, ■ 

4, TtescrtB^tfte^a^^ or overrides 
used 1n maintaining boiler operation safety, 

5, Explain the purpose and operation of a method of feedback trim control 
for boiler operation, $ * \ 

6, tist boiler* shutdown conditions. 

7, Explain the purpose and operation of a three-element drum level-control 
system,' 1 * , ^ j - 

\ 



\ 
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SUBJECT MATTER 



CONTROL QUALITY 

The test of true control quality 1s the 'degree to which a process con r 
dition is maintained at a desired v^lue. The occurrence of load changes; 
time rate of the changes; and Interval of occurrence, along with static 
(physical) and dynamic characteristics, define the difficulty of obtaining 
/ and^maintafriing-aTT^cceptaM This usually <:an 

be accomplished by proper selection and adjustment of control-mode poriiBtna- 
tlons. Some processes require additional control system design, beyond that 
of a simple single-variable, feedback control system. 'Cascade control sys- 
tems are based on the feedback control principles discussed thus far; how- 
ever, they generally are concerned with controlling two variables. 
. % 

CASCADE CONTROL 

Although jiot precisely . defined as such, a cascade control system 
usually involves at least two controllers that are connected in such a way 
that the output of one controller drives the set point of a second control- 
ler. Each V controller, which is the controlling means of an independent 
closed-loop control system, controls separate but related variables. Cas- 
cade control systems discussed in this module are of the general type. In 
these systems, primary quantity is measured, and then variations changeTFfe 
set point of one or more secondary controllers that control a second quan- 
tity by operation of a single, final control element. 

The four primary purposes *for use of a cascade control system are as 
follows: * * , . 

'1. ^ To maintain a desired' relationship between variables. 

2. Td -accurately, limit a secondary variable. 

3. To e reduce load changes, nonlinearities, and discontinuities near -their 
source. , * J. - 

4. To improve the control- cl rcuit to reduce effective time lag. 

* . A desired relationship .between- variables is accomplished by a special 
cascade application (called ratio control), which wi 1*1 be discussed later. 
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The* second purpdse, to limit a secondary variable, is a fairly uncommon 
application - at least in boiler 'control -applications* Atvalve positioner 
is a true position controller that is mounted orv a control valve to assure 
that a valve will assume a, position as specified by the output of a cen- 
trally-mounted controller. This application is defined by the third purpose 
listed above. The fourth purpose - the most common and useful application r 
1s discussed in the following paragraphs. 

NEED, FOR CASCADE CONTROL T • . / 

A temperature process, as shown- in Figure 1, utilizes a steam reboiler 
or heat exchanger to maintain a process temperature. The temperature is/ 
controlled by manipulating the flow of $tearr\into the tubes of the reboyler 
to regulate heat energy. The purpose of the control system is to maintain a 
balance on energy in the process. 

On thr cascade system shown in Figure lb, the quantity of steam flow is 
"regulated by the flow controller that has a set point that is determined by 
the output of the temperattire controller. In Figure la, the set point of 
the' flow controller is set manually by an operator. 

Assume that initial conditions in Figure la, are such that the tempera- 
ture of the product is stable at a desired value for a given load on the 
—process (that is, a given product" flow rate— through the heater). A change 
in product flow rate - for example, an increase in cold product flowing in - 
will "cause a^cooling in th^process. As .is true with nearly all temperature 
processes, the process will not change immediately because of the large 
capacitance (or thermal momentum, as it is called) of thje process* A*trans- 
ferof heat energy must take place in the product. When, the product temper- 
ature changes, heat energy must be transferred between the temperature-mea- 
suring element and the process. This is a double-capacitance process: the 
capacitance- of the process and that of the measuring means. The temperature 
transmitter cannot immediately detect a process disturbance. By the time 
the, controller senses a process change, the disturbance may have receded, 
causing the process to return to normal operation. 'Cyclic acFfon probably 
will result. 
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Another disadvantage of the single-variable temperature control system 
shown in Figure la is the effect of load changes near the source. The. steam 
valve, which is positioned by the controller to maintain a process, tempera- 
ture, will change only when a load causes an unbalance in the process. This 
results in a temperature change." If a disturbance in the steam flow process 
"(such as a variation in steam header pressure) causes steam flow fo change, 
~the~steam value wiTl not be i repositioned to correct for this disturbance 
until process temperature 'changes. Therefore, thfe control system, cannot _ 
correct for steam load changes near the source. This is another 
disadvantage of the single-variable temperature control ^process.' A cascade 
system will provide better control by doing the 'following: 

• improving control quality by reducing the effect "of lag time, and ... 

• Reducing the effect of Joa<j changes near the source. 

CASCADE CONTROL THEORY ' 

The cascade control- system has one final control element, with one 
manipulated variable, two measuring elements, and two controllers.* The tern- 
perature-. controller is the master," or primary controller because the prime 
function of the system is to control temperature. The steam-flow controller 
is the slave, or secondary, controller. The purpose of the master control- 
ler is to generate a set point for the slave that maintains a steam flow at 
a value dictated by the master. When st^am flow is controlled at a .value 
required to maintain a product temperature, a disturbance in the steam flow 
process will be detected immediately. by the steam-flow transmitter and will- 
be corrected by the slave. controller before temperature of the process 
changes* In theory, because of the nature of feedback control systems, a 
disturbance variable in the flow ^process will cause a variation in steam 
flow before correction. This, then, will cause a change in process tempera- 
ture. However, because of the magnitude of capacitance in the temperature 
process, this temperature variation will be negligible When the system is 
tuned properly. 

•> % 

4 
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a. Single-variable temperature control 



b. Cascade temperature control 



Figure 1. Temperature process. 



OPERATION OF A CASCADE CONTROL SYSTEM 

Control systems ar^e^signed and adjusted to control a process under 
normal load conditions at the normal operating point. Therefore, processes 
usually -are started by marjual or open-loop control* When they are stable, 
they are switched^to automatic feedback control by the "auto-manual" select 
.switch located on the ^ontrolter. 

Cascade control systems generally are started, checked -out, and tuned 
by decoupling the temperature arfd flow controllers* A manual loading sta- 
tion provided for this purpose is located in the secondary controller set 
point circuit* To decouple'the cascade control loop, a signal manually ' 
regulated from an external source supplies the set point for the secondary 
controller. Output of the temperature controller is dead-ended,, and it has 
no way of altering control of the temperature process* To prevent a reset 
wind-up condition of the temperature controller, it should be in the manual 
modeVf operation when the cascade loop is decoupled'. 

With the manual-loading station set so that the secondary controller 

t 

set point is supplied from an external source ,and both controllers are in 
the manual mode of operation, the system is started by positioning the 
steam-control valve with the manual adjustment from the secondary ^control- \ 
ler. Jhe manipulated variable - steam flow, in this case - is regulated to 
establish process temperature at a desired value as indicated by the temper- 
ature controller-recorder or indicator. When the process is stable, the 
secondary controller is switched to automatic, using standard, bumpless 
transfer procedures. Thesecondary controller then is tuned as a flow con- 
troller to maintain steam Hovoat a value specified by the external set 
points Regardless of steam-flow disturbance, steam-flow value will be main- 
tained by the secondary control ler, For constant loads on the temperature 
process, the temperature value will be maintained by the steam flow as con- 
trolled by the secondary or steam-flow controller. However, the set point 
of the secondary .controller must be changed as load on the temperature pro- 
cess varies as evident by a change in process temperature. The function of 
the primary or temperature controller is to change- the sek point of the 
secondary controller as required to maintain process temperature* 

/ 
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When process temperature 1s stable with the secondary controller in the 
automatic mode, manual output of the primary controller can be made equal to 
the set point va'lue of the secondary controller. Process temperature now. is 
controlled by the manual output of the primary controller. Again, using 
bumpless transfer procedures, the. primary controller is switched to auto- 
matic and tuned as a temperature controller. The cascade loop is now in 
service, and the primary controller is cortfrol 1 ing process' temperature by- 
.generating a set point for the secondary controller. .The secondary control- 
ler maintains steam flow at a value specified by the oujput of the tempera- 
ture controller. This cascade operation -improves control quality by reduc- 
ing the effect of lag time, and it corrects for load changes near the 
source. It will be explained later in this module how cascade systems are 
used to improve quality of boiler control. 

RATIO CONTROL' ^ 

J\s the name implies, ratio control is the process of maintaining one , 
variable' as a. fixed ratio of another variable. - ' The most common application 
of ratio control is maintenance of-two flow values in a' fixed relationship. 

•One flow rate (QiV is controlled by means other <than the ratio controller;' 
the second flow rate is maintained at a value that is a^multiple (N) of Q -. 
such trrat Q 2 =NQi. More common terms to define variables in a ra^p control 
loop are "wild flow" and "controlled flow" - where the wild flow is not con- 
trolled by the rafio controller. A typical application of a ratio-control 
system is to regulate flow rates of material into a. vessel to obtain a 
proper or desired mix or blend. 

The .ratio-control system shown in Figure 2 is used to control flow Qb 
in exact proportion to flowQA*. The ratio controller has two Inputs, one . 
from each of two flow transmitters. One output is -generated, and it is used 
to position a valve that regulates the controlled flow* value Qr. When the ^ 

'flow rates are^ measured by head-type ~flpw-inete / r1ng, devices; such as orifice 
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^Figure 2. Ratio control system. 

plates and d/P ceTls, square-root extractors are needed to linearize expo- 
nential signals from the flow transmitters. When one flow rate is control- 
led proportional to»another flow rate, scaled signals must have a linear re- 
lationship between actual flow and magnitude of the measured value. The 
signal level -from a head^type flow transmitter varies as the square root of 
the differential pressure across .the. differentia,! producer, as covered in 
Module IC-02. 

r 

'THEORY AND DESIGN OF RATIO-CONTROL SYSTEMS 

When designing ratio-contro.1 loops, it usually is desirable to have a 
ratio flow setting as close to 100% as possible. Refer to Figure 2; suppose 
it is desired to maintain flow Qb at a value four times as great as flow 
QA. The ratio, of Qb to Qa fs therefore 4:1, and the span of. the flow 
transmitters should be in the same ratio. If the span of flow transmitter A 
(controlled) is set to measure a full -range flow of 100 standard cubic feet 
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per minute (SCFM) arfd the wild flow meter range is 400 SCFM, the actual 
ratio may be determined from Equation 1. 

/ r ratio = Cont rolled-flow range {1Q fa f 

Wild-flow range > * 

= 100 SCFM (100%) = 25% Equation 1 

400 SCFM 

» r . - . 

The dial of the ratio controller would be set at 100% to control ratio 4 
of flow Qb to- flow Qa at 4:1. 



EXAMPLE A: DETERMINATION OF ACTUAL FLOW RATIO. 
^ 



Given: a. Wild-flow range of a ratio-control system is 1200 SCFM. 
• b. Controlled-flow range is 300 SCFM. 
c. The setting on the. ratio controller is 100%'. 
Find: Actual flow ratio. 
Solution: From Equation 1: 



A , , *. Controlled-flow range / inn<y \ 

Actual ratio = — . „ — (100%) 

. Wild-fl-ow range 



300 SCFM 



1200 SCFM 



(100%) =,25%. 



r 



EXAMPLE B: DETERMINATION OF ACTUAL FLOW RATIO. 



Given: Conditions in Example A, with a setting of 50% on the ratio con- 
troller. 
Find: Actual flow ratio. 



Solution: 



Actu " r **° - Tjaris • (50%) = 12 - 5t - ' 
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FEEDFORWARD CONTROL 

Feedforward control applies to control systems where a balance between 
supply and demand is accomplished by measuring both demand potential and de- 
mand load. From these, measurements, information is obtained that can be 
used to regulate supply at an amount to control the "process/ 

To apply feedforward control, the controlled process must be completely 
understood so that .equations can be written that state the material and ^ 
energy balance required. Any interaction between material and energy bal- 
an«^Ts~o~nxrst be understood. In a sense, feedforward control systeifos cor- 
rect for a load variation before a process disturbance exists. Consider a 
simple level process with two input flows, A and B, ^nd three outputflows 
C, D, and E. When total flow into the level process is equal to total flow 
leaving the process, the level will be maintained. The following expression 
must be satisfied: ? 

A + B = C *+ D + E * Equation 2 

where: Terms refer to flow rates, as explained. 

Normally, one variable will be selected to correct for a change in any 
of the other variables. If it were desired to manipulate flow C to maintain 
a material balance on the level process, the feedfory^cd equation (similar 
to Equation 2) would be sql/ed for flow C with the following results: 




B - '(D +*E) H-^ Equation 3 



where: Terms define flov( rates, as^ previously -dj^fcussed. 

To implement the feedforward control system defied by Equation 3, flow 
rates would be measured: A and B would be totalized, as would D and E. The 
sum of D aod E would be subtracted from A and B. When either flow changed, 
values, the amount of change would be reflected in a corresponding value of 
C. Level is then controlled, based on load changes Instead of an actual 
process change. It should be pointed out t*at,~ if any variable changes - 
other than those expressed in the feedforward equation - no correction will 
be made. ' It is also significant that measurement of the process is not re.- 
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quired for feedforward control because corrections are based on variables 
, that cause the process to change, not on the actual process change. The ob- 
vious advantage to this arrangement is that corrections for load."* variations 
can be made before the process is affected. In most feedforward applica- 
tions, however, the process is measured and feedback corrections are made, 
based on the error between the process value arid set point. This correc- 
tion, called feedback trim, is applied ta correct for disturbance variables 
that are not foreseen or are not included in the feedforward equation. 

Feedforward control is most advantageous in processes where time lags 
are si grrfl^amr^tf^^ caused by~T>ver- or under-cor- 

rection resulting from lag time is critical. Otherwise, the added expense 
and complexity of feedforward control is not justified.^ The basic concept 
of feedforward control has been used for many years. One such application - 
boiler control - has been used with much success. ~ ^ 

* • 
BOILER CONTROL 

With rising fuel costs, increased emphasis on plant operation and per- 
sonnel safety, and increased competition of manufacturing costs and methods, 
boiler operation efficiency is an important .consideration. This is not to 
say that interest in boiler controls and boiler control theory is new. 
Boiler control principles and applications have formed a prominent class 0/ 
process pontrol sy^tenjs. These systems have been the forerunner to, and 
perhaps even spawned, development of those used in other'process applica- 
tions. ' ~ \r'~ - 

BOILER CONTROL THEORY . t * ^ * 

, Automatic systems for the* control bf\bc>jlers can range, from a simple 
ON-OFF pressure Switch to a sophisticated computer program with several 
hardware components. Most boiler control systems possess a complexity that 
is a compromise between the two extremes. , 

Need for Special Control Considerations 

* ** «. 

«» 

A boiler is a device that converts* water into steam. In this context, 
4 a teakettle could be classified as a boiler. However, because generation of 
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steam is the prime function/of , a boiler, relating a^teakettle to a boile^is 



closely .simulates boiler 
operation were to gen- 



not an adequate comparison* A pressure cooker\nore 
^operation. Suppose the purpose of a pressure coc 

erate low-pressure, saturated, or wet ste^frr In iflls analogy, steam would' 

be taken out of the vessel! and water wot/id be added to maintain water level/ 

so the cooker would not overflow or run dryT Of course,, normal operation of 

the device in question is to maintain -a steam pressure with no steam flow . 

(that is, the steam is not! consumed)." The only steam consumption is that 

which is tented by the pressure regulator (a weight that covers a srnall - 
& i « .» 

opening in the lid),. As pressure increases, it creates a calculated force 

on the weight. This force causes the weight to be lifted from the opening 

(valve seat), venting the stream and reducing pressure. This process 

concerns a simple ON-OFF pressure control Aystem. A . \ 

Now, consider a different -situation, i Instead of merely maintaining the 

.steam pressure at Rvalue to raise the boihing point of the water above 

212°F at 0 psig, suppose it*were 3 desired to take stean at undetermined rates 

from the pressure oodker^nd, at the same time, keep the pressure constant. 

This sTet of conditions complicates the. control techniques required. .Control 

i . i 
possibly could be implemented by .ON-OFF 'operation ; but the feasibility of 

this would, -as mentioned! In previous modules, depend upon the degr 




cycling that could be ten grated. The control system - whether 0N- 
proportional - must have a means of level control to maintain the flow of 
water into the vessel at the same quantity the steam that is bejng gener- 
ated a rif removed. THIsjls a material balance. To maintain the steam pres- 
sure constant^ffd independent of varying steam flow rate, fuel (energy in) 
must be added to the boffler at an exact amount needed to generate- the re- 
quired amount of steam j(energy. out) . This is an energy balance. In many 
instances material and'jenergy balance for* boiler control (low pressure, less 
than 50 psig, and Tow-jrojume boilers) can be achi^/ed witti an ON-OFF level- 
control switch that controls a pump. An ON-OFF pressure ^switch also can be 
used to control fuel filow to the burner. However, most industrial boiler 
applications require A more soptorsticated^means of boiler control. A block 
diagram of a boiler control system is shown in Figure 3. 

! 

I- ' " 
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figure 3. Block diagram of a boiler control system. 

Combustion Air Control . 

The steam production rate of industrial boilers is great enough that 
static atmosphere around the burners does not contain enough oxygen to sup- 
port qombustiorj of the fuel. ^ir ( njust be either blown or forced into the 
firebox of the boiler by blowers or fans; or it must be pulled through. 
When blowers force_air through 1 the boiler, the term "forced draft" is used 
to define the boiler. When air is pulled or sacked through, the term "in- 
duced draft" is used in the. trailer definition. Therefore, boilers are the 
induced-draft (ID) type, the forced-draft (FD) type, or they operate on both 
principles. Regardless of type, air flow must be measured and controlled to 
keep an exact combustible mixture of airland fuel. If air flow is'exces- 
slve, the air-fuel mixture will be lean; and could result in a loss of 
flame.- *When the amount of air flow is too small, the mixture is rjch. *A 
rich fixture could result in undesirable conditions, such as a loss of flame^ 
or a combustible mixture entering the boiler stack that could cause an ex- 
plosion *or a costly pollution of the atmosphere. The ratio of air to f uel ( 
flow must be controlled 1* exatt proportions to provide fuel combustion at 
optimum efficiency and to avoid the conditions listed above. Because any 
air that enters the boiler and is not used in the combustion process acts to 
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draw heat energy from the steam generation process, the combust ion A air flow 

. ■MIL 

is controlled as the ratfo to the fuel flow. 

Steam from -the boiler and steam drum pressure We measured, with a 
change in either reflecting- a change in boiler load,^hich in turn will af- 
fect the combustion process. For example, an increase in steam flow or a 
decrease in steam drum pressure (either or both) would indicate a need for 
an increase in* the boiler firing rate. This increase means more gas for 
energy, more air for combustion, and more, water to make the steam. The air, 
gas, and water, must be added quickly, at a rate that will maintain the crit- 
ical material and energy balance. A method to do this. will be explained 
latfcr in the module. 

v ** ' * * * 

\ 

Drum Level *nd Feedwater Control ^ 

Drum- boilers utilize a steam drum where the water - which passed 
through the tubes in the firebox and was heated - is in equilibrium with the 
generated steam. Remember the reference to the pressure cooker (steam drum) 
on which the steam and the water from which the steam was formed Were in 
equilibrium. If' a steam Quantity were allowed to escape ffom the cooker, 
more water .would be vaporized to replace the steam that left the vessel. In 
a drum boiler , the steam and water are in equilibrium; the steam and water 
are at the same temperature; and the steam is saturated or wet-. Most com- , 
mercial boilers have a superheater sectidn where the wet steam is passed , 
through another section of t\\e boiler ar\d is heated above the saturation 
temperature to make superheated steam. Regardless of the particular 
arrangement, when more steam is used ftom a boiler, an amount of water ,eqgal 
to the steam usage must be added to the boiler drum. 

The boiler. drum level is usually^ a three-element control arrangement. 
The three elements measured to control drum level are steam flow, feedwater 
flow, and the drum level itself.* A simple single-element level system 
reJies on the drum-level measurement only t However, this is not adequate in 
boiler applications because a sudden change in boiler load could'result in 
extreme variations- in level When, controlled by a single-element feedback 
control. The three-element level-control system will maintain the feed- 
wafcw^flow rate equal in mass flow values to that of the steam leaving the 
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boiler. An increase in, steam flow from the boiler will result in an in- 
crease in feedwater to* the boiTer tubes'. The drum-level value is measured, 
and an error signal between the actual value and desfred value is used to 
correct feedwater flow rate. This is known as feedforward control witH 
feedback trim*. 

i * 

Auxiliary Fuel Control 

Most Industrial boilers are powered by two different fuel sources. 
Some boilers utilize an, alternate fuel supply; but this supply is not always 
available. These alternate fuels are produced on an irregular basis as a 
result of a product tfcat does not possess a 'quality high enough for sale. 
In mpst cases, these fuels can be us^d in this way more efficiently than 
recycling them through the 'process. Other boiler applications, such as the 
ones found in hospftals, require an auxiliary or backup fuel. The auxiliary- 
fuel is usually fuel <oil, which can be stored in large tanks to provide , 
emergency operation during times of main fuel supply interruption. Though 
this situation is changing somewhat with increased emphasis on the curtail- 
ment of natural gas consumption, standard, conventional r fuefed boilers use . 
natural gas a primary fuel source and fu^T oil as a 'secondary or standby 
^source. . 

f Because of t^e difference in fuel requirements, boiler control systems 
are designed for the primary and, usually, the auxiliary fuel. Sometimes, 
-however, the boiler must be ^controlled (partially at least) by open-loop 
control methods when the standby fuel source is uSed. Flame detectprs, con- 
trol system, for 'air and fuel, and burners' normally will not accommodate 
both gas and off combustion. In sonte cases, auxiliary control equipment is 
designed for the secondary ,fueW- 

/- Fuel flow to boilers r fs supplied at a rate that will allow it to mix. 
with the air to mafce a suitable air-fuel ratio. This, is normally done by 
feedback controllers, that' utilize a feedforward concept. Fuel and air flow 
limiting techniques are provided to avoid hazardous mixture^ that would 

result in unsafe boiTer operation. 

L.- 
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Wat£r tube drum boiler 

Water tube drum boilers , like the one shown in Figure 4, have one or 
more relatively small steam drum? that havfc several tube arrangements. A 

mixture of steam and water flow 
through these tubes, which are heated 
on the outside surface. The.boiler 
feedwater is pumped into a steam drum 
that supplies water to several passes 
of the generating tubes. Steam is 
generated^ in the tubes, and then a 
mixture of steam and water circulates 
refractor ' through the tubes and returns to the 

Figure 4. A water tube drum boiler, steam drum. The mixture is separated 

in the drum, which furnishes a steam 
supply to a header%for consumption. . 
Pressure and flow rate are measured. 
'These' measurements determine the 
boiler firing rate whi£h, in turn, 
maintains the' pressure at a desired- 
value. A water tube/drum boiler is 
"shgwn in Figure 4 and its schematic in 
Figure 5'. 
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Figure 5. Schematic di&gram vf a 
forced-draft water tube drum boiler. 



i 




CONTROL SYSTEM FOR A DRUM BOILER 

. » - 

- The/ control schematic of a water tube drum boiler is shown in Figure 6, 

and the measurement and* control points are shown in Figure 7. It should be 
stressed again that the -primary function of the contrQl system in Figure 7 
is to regulate the. supply of 'fuel, air\, and feedwater. at the exact rate and 
in the, exact proportions needed to generate a desired^jamount of steam at ± 
desired pressure. • 
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Figure .6. Control schematic of a water tube drum bofler. 





Figure 7. Drum-type boiler with measurement and control points. 



Air and Fuel Control , 

Assume that the boiler is generating steam at a constant rate and pres- 
sure that is equal to the demand or steam load on the steam header?* An in- 
crease in steam consumption will result in an increase in steam flow and a 
decrease in steam pressure. To- compensate for this load change, the firing 
rate must be increased, more fuel and air must be added, and the feedwater ■ 
flow must be increased.' The steam pressure controller (PIC 1) reaqts to a 
decrease in steam header pressure and generates a signal that is transmitted 
to the summer. A linear signal from a square root extractor that is propor- 
tional to flow also is transmitted to the summer. The output of the summer 
' ' is adjusted by a ratio controller to bias the boiler firing rate when other 
boilers are 'supplying steam to the same header If, for- example, four 
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boilers are supplying steam to a common header, a particular boiler can be 
, biased by the ratio controller' to carry any desired percentage of the total 
load. The "signal leaving the ratio controller determines the firing rate of 
the boiler and, for normal operation of the manual-automatic select switch, 
passes unattended through the high selector and loit selector 1 to drive the 
set point of the fuel -flow controller FIC 1 and the^tr-flow controller FIC 
2. Both flow controllers are slave controllers of a cascade loop, and'they 
determine flow rates at amounts determined by the master controller PIC 1. 

The low selector 1 selects the lower of the two signals - the output of 
the PIC 1 or the air flow feedback signal' - that is altered by the air-fuel 
ratio selector. During times of abnormal boiler operation (when the air 
damper may stick, or for some reason the air flow amount would be limiting)' 
the PV A would be lower. Under such conditions, the^ir flow would pace 
the fuel flow. 

The high selector in the set point circuit to FIC 2 receives a signal', 
PVp, which is the fuel -flow feedback signal representing the total fuel 
flow.' This signal is compared to the set point from PIC 1, and the higher 
of the two is the set point to FIC 2, which determines the combustion air 
flowrate to the boiler. The purpose of the high selector is to allow air - 
flow to follow fuel flow if the fuel valve sticks op<jn and fuel flow 'is 
excessive. ' 

Any circumstance that would result in the air-flow feedback signal 
driving the set point to the fuel-flow controller or the fuel feedback sig- 
nal driving the set point of the air flow would define a stop-gap control 
situation. The high and low selectors are used to safely control the air- 
fuel mixture until the abnormal condition is eliminated or 'until 'the boiler 
can safely be shut down. 

Dual Fuel Control 

The primary fuel for the water tube drum boiler is natural gas, with 
fuel oil being used as the auxiliary fuel. Although some boilers can be 
fired completely on a secondary fuel, this'boHer and control system can- 
not. The hand-indicating controller,, (HIC) in- the fuel control circuit is an 
-open-loop controller. There .is no feedback loop from the. otl flow trans- 
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mitter to the HIC. An amount of oil flow to the oil burner, usually less 
than about 25% of the total fuel flow, is set on the manual controller. A, 
variation in oil flow is measured by the oil-flow transmitter, where output 
N is added with the linear feedback signal from the square root extractor in 
tJie gas-f>6w feedback loop. . The output of the summer provides the fuel-flow 
feedback signal. Therefore, an increase in oil -flow will cause a propor- 
tional decrease in gas flow to maintain the total fuel flow constant. If 
the oil-firing rate set point is increased by the operator, the oil-flow 
signal will increase. This increases the process variable to the fuel-flow 
controller which, in turn,* provides negative feedback and reduces the gas 
flow. * - 

The low selector in the oil-control circuit allows the master signal 
from the PIC 1 (which is the set point to-FIC if to cut back on oil flow, 
and It 'keens the oil faring rate less than the gas firing rate. 

"Drum Level and Feedwater Control " _ • 

The three-element feedwater-control— system is the material balance con- 
trol that keeps the feedwater flow equal to the steam flow, FIC 3 (feedwater 
flow transmitter). The control valve is a conventional feedback flow-con- 
trol loop which controls the feedwater flow rate. For a given flow rate, 
variations in flow rates will be measured and compensated in a way that is 
-similar to any ^Tow loop^ The set point for the controller comes from the 
LIC 1, which controls drum level at"a desired value. LIC 1, then, is a 
master controller >in a cascade loop; and~FIC 3 is the slave. The set point 
for FIC 3 from LIC 1 goes through n, summer which combines the output from 
-LIC 1 with the steam-flow variable from. the steam-flow transmitter. A 
change in steam flow will alter the feedwater flow to maintain a^material 
balance on the steam drum. This action occurs before the drum level 
changes. This control scheme is a feedforward concept, implemented by feed- 
back control means. y 
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Feedback Trim* Control of Afr-Fuel Ratio 

r 

The AIC (analyzer indicating controller) is a feedback controller. It 
receives a process variable signal from an oxygen analyzer that monitors the 
oxygen content in *he flue stack. The boiler firing rate determines the 
amount of oxygen required for combustion; and the AIC set point is supplied 
by, a function generator with an output that varies with the steam-flow 
rate. The function is nonlinear because the amount of oxygen needed varies 
nonlinearly with firing rate. The filter 1n the set point of the AIC is 
filtered to make th6 load compensation a gradual process, thereby avoiding 
upsets and oscillations. In steam boiler applications, where load demands 
are fairly constant, the oxygen set point usually is manually adjusted. 

The output of the AIC corrects^the~afi r-flow ratio by biasing the feed- 
back signal from the air-flow transmitter to FIC 2. For stable operating* 
conditions, this catio js set by the ^ratio controller to control the air- 
fuel ratio content in the flue stacks and the constant readjustment of the 
ratio Jielps to maintain the ratio to establish maximum efficient operations 

Safety Shutdown Procedures and Conditions 

In addition to'a control system that suppl ies variables to a boiler at 
exact values and proportions, a shutdown control system must be provided. 
This shutdown system causes the boiler to shut down safely when abnormal 
boiler operations or control -system malfunctions result in hazardous boiler . 
operating conditions. < # , 

The* best and surest way to shut a boiler down is to close^he fuel 
valve. Normally, a solenoid-operated valve (SOV) is mounted in the fuel 
line that leads to the burners. The valve's quick, sudden action resuKs in 
positive shut-off. o£ the fuel flow. A loss in signal resulting from any, 
switch opening in the shutdown circuit causes the valve to close immediate- 
ly. Restoration of the signal will not open the valve; 1t must be opened 
manually. 

Conditions that cause a, boiler to shut down may vary with particular 
boiler operation; but they usually include the following: 
• High and low steam -header pressure. 

* J m 
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• Flame failure, 

♦ Hrtgh or low oxygen content in the stack. 

• High or low drum level. 

♦ High combustible content, or explosive mixture in the flue stafck. - 

Special sensors normally are used t& detect a shutdown condition. 
Pressure, level, and flow switches are commercially available to monitor 
critical conditions. The measurement of these variables ?s made by process 
transmitters, and the scaled output signals are sometimes used in the shut- 
down circuitr Auxiliary shutdow|^devices are sometimes desired for redun- 
dant operation. If one system malfunctions, a backup shutdown system is 
available to assure the safe Operating shutdown of equipment. 

A typical fuel shutdown system is shown in Figure 8. The normally- 
closed trip valve is opened manually and is held open (or energized), by. the 
startup switch. When the boiler is operating at normal conditions* the 
startup switch /is secured, and sometimes locked, in the'open position. This 
action averts an override of the shutdown system. # 
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Figure 8. Typical fuel shutdown circuit. 
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The ndrmally-open relay Switches in Figure 8 are held closed by safe 
process conditions. A relay in the output circuit of a combustion analyzer 
causes the associated switch to be closed only when thel mixture of exhaust 
gases in the flue stack is not combustible (that is, when boiler combustion 
is complete and no unburned fuel is entering the stack). 

Thefflame'failure switch is held closed by an optical fl ame ^analyzer 
that measures electromagnetic radiation from the flame. The light from the 
flame, usually measdred in the infrared or ultraviolet wavelength region, is 
detected by a pho^odetector. Current from the detector is amplified to a 
level that is sufficient to energize a switch. When the flame is extin- 
guished, energy to the photodetector ceases, and the switch opens. .An 
intermittent flame failure will close the trip valve. This valve remains 
closed until opened manually. If the shutdown feature were not provided, an 
intermittent flame failure could fill the firebox with gas, causing a^haz T 
ardous condition. An optical flame detector is used because of the very 
f^st response time* A thermocouple would. not responcLtQLJufl ame failure 
quickly enough to close the trip valve if ipterruption in the gas flow were 
instantaneous and gas flow were suddenly- restored* 

The bolVer control system discussed in this module is only moderately 
complex; there are several more sophisticated systems used in some applica- 
tions. Programmed startup* and shutdown systems are provided for some 
boilers tg eliminate or reduce the necessity of operator drudgery in the 
startup and shutdown ^of boilers.^ Other, more advanced control systemk uti- 
lizing microprocessor control techniques are also employed in modern boiler 
operation. However, such control .techniques do not' deviate from the baste 
principles of boiler control presented in this module. 
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t EXERCISES 

1. Draw a cascade control loop that controls the temperature of a process, 
and then perform or answer the following: 

a. Indicate the primary and secondary controllers. 

b. Explain the function or purpose of the two "control lers* 

c. Explain the advantage of a cascade ^control System over a single- 
element control system. 

d. Give the procedure to startup and tune a cascade control loop. 

e. Explain the purpose of the manual loading statiorf. 

2. Draw a ratio control loop that controls one flow in -a direct ratio to 
another flow. - 

3. Explain when and why square root extractors are needed in a ratio con- 
trol system. <^ 

4. Explain the concept of feedforward control. 

5. Explain the feedforward control concept and why it is advantageous to 
boiler control . • 

6. Describe feedback trim,«and tell why it H necessary. 

7. How is the material and energy balance on a boiler ma'intainea? 

8. How are ratio and cascade control used in a boiler control system? 

9. How is feedback trim provided for the control system, as discussed in 
\ this module? 

1 O.J Why are optical flame detectors used in boiler shutdown systems? 



LABORATORY MATERIALS 



None, 
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LABORATORY PR OCEDURES > . 

— s r~ 

^LABORATORY 1. BOILER VISITATION. 

• Visit a conventionally fired boiler installation to observe' boi^r 
operation and control. The following items should be considered or ob- 



served. ^ \ 

1. Type of boiler - water tube, fire tube, tffrjm, or straight 



through. 



2. (JoieT systjem auxiliary or backup provided. . 

3. Drum level control (if applicable), twp- or three-el ementjl 
,4. Identify 'a cascade and ratio control loop. 

4 5*. Identify a method or methods to ensure optimum control operation. 

^ 6, Identify a boiler as either an induced-d^aft type or' a forced-dNtft 
type. ^ 

LABORATORY 2. FILM PRESENTATION. 4 / 

View the film produced ^by the Instrument Society of America entitled 
"Boilers and Their Control - Parts 1 and 2'." -> 

\r 
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GLOSSARY £ 

Boiler: A device to geneVate a quantity of steam for consumption at a .de- 
sired pressure. m * • 

Cascade control: A system that involves two controllers, where the output 
of one furnishes* the set point of another.' 

Combustion air: The air a boiler requires to burn the fuel. J 
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Drum boiler: * A boiler type in which water is supplied to a drum that 

supplies water to tubfes. Water is. heated in the tubes and returned to 
the drum. Wet steam ^from the drum is passed through a superheater. 

Feedforward control : A control system 'in which both demand potential . and 
demand load are measured. A supply amount is determined from the mea- 
sured tfaluesof potential and load and is used to maintain the desired 
«. * balance. • 

.Ratio control;- The scheme by which two .yaMables,* usually flow* are con- • 
• trolled in exact proportion to each other. 

Straight -through tube boiler: A boiler that has water supplied to one end * 
of a series of tubes, and steam taken from the other end of the tubes. 
It cgn Jains no steam drum. 

^Water f ttibe drum boiler: A boiler that contains water on the inside of ? 
^ tubes; and*heat,is applied to the outside of the tubes. - 
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TEST 

. INSTRUMENTATION AND CONTROLS 
v . " Module JC-08 1 
"Boiler and Of her Special Control Systems" 
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1. List ttfe^four general boiler classifications.* 

2. A three-element drum level control consists 'of the following: 
- • a. ' 

b. • / V. • 

c. . ; 

• 3. The controllers in a cascade loop are called and 



4. Th^two flows of a ratio-control loop are called ; and 

5. The romponent used to decoupled cascade control system i f s called 



6. .In tuning a cascade control loop, a general- procedure is to .tune the 
' controller in arv exact order. List the order in which the controllers 
are tuned. 

1 1. Flame .detectors for 'boiler shutdown circuits are generally of the 

' type because of the • " ^ s 

» 8. The feedback trim control discussed in this module is provided by which 

CV 1 

measurement. * 
9. List v four boiier conditions* that normally would constitute a shutdown 

condition. . , . ■ ' v 

10, -Boiler control' is based on maintaining one variable constant. That 



